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 ABSTRACT 
Designing Solid Electrolytes for Rechargeable Solid-State Batteries 
Haowei Zhai 
 
Lithium-ion battery (LIB) is an indispensable energy storage device in portable electronics, 
and its applications in electric vehicles and grid-level energy storage are increasing dramatically 
in recent years due to high demands. To meet energy demands and address fire hazards, next 
generation batteries with better safety, higher energy density, and longer cycle life have been 
actively investigated. In this thesis, works on polymer and ceramic solid electrolytes to improve 
safety and energy density of rechargeable solid-state batteries are discussed. 
In the first section, a flexible composite solid electrolyte is presented. Since ceramic 
electrolytes have high conductivities but are fragile, and polymer electrolytes are easy to process 
but have low conductivities, we propose a composite structure that combines these advantages. A 
vertically aligned and connected ceramic electrolyte is realized through the ice-templating method 
to improve the ionic conduction. Then a polyether-based polymer electrolyte is added to make the 
composite electrolyte flexible. Specifically, vertically aligned and connected LATP and LAGP 
nanoparticles (NPs) in the polyethylene oxide (PEO) matrix are made. The conductivity reaches 
0.52 × 10-4 S/cm for LATP/PEO, and 1.67 × 10-4 S/cm for aligned LAGP/PEO composite 
electrolytes, which are several times higher than that with randomly dispersed LATP/LAGP NPs 
in PEO. Compared to the pure PEO electrolyte, the mechanical and thermal stabilities of the 
composite solid electrolyte are higher. The LFP-LAGP/PEO-Li cell with 148.7 mAh/g during the 
first discharge at 0.3C has over 95% capacity retention after 200 cycles. This method opens a new 
approach to optimize ion conduction in composite solid electrolytes for solid-state batteries. 
 In the next section, polyether-based polymer electrolytes such as PEO and PEG are studied. 
Polyether-based electrolytes are electrochemically unstable above 4 V, restricting their use with 
high voltage cathodes such as NMC for high energy density. A technique involving atomic layer 
deposition (ALD) of Al2O3 to stabilize the polyether-based electrolyte with 4 V class cathodes is 
described. With a 2 nm Al2O3 coating, the capacity retention stays at 84.7% after 80 cycles and 
70.3% after 180 cycles for the polyether-based electrolyte. Without the coating, the capacity drops 
more than 50% after only 20 cycles. This study opens new opportunity to develop safe electrolytes 
for lithium batteries with high energy density. 
In the final section, we propose a new polymer electrolyte, a poly(vinylidene fluoride) 
(PVDF) polymer electrolyte with organic plasticizer dimethylformamide (DMF), which possesses 
compatibility with 4V cathode for high energy density and high ionic conductivity (1.2×10-4 S/cm) 
at room temperature. This polymer electrolyte can be used as a supplement for the polyether-based 
electrolytes we discussed in the first two sections. In this polymer electrolyte, palygorskite 
((Mg,Al)2Si4O10(OH)) nanowires are introduced to form composite solid electrolytes (CPE) to 
enhance both stiffness and toughness of PVDF/DMF-based polymer electrolyte. With 5 wt % of 
palygorskite nanowires, the elastic modulus of the PVDF-DMF CPE increases from 9.0 MPa to 
96 MPa, and its yield stress increases by 200%. We further demonstrate that full cells composed 
of Li(Ni1/3Mn1/3Co1/3)O2 (NMC 111) cathode, PVDF-DMF/palygorskite CPE, and lithium metal 
anode, can be cycled over 200 times at 0.3 C, with 97% capacity retention. Moreover, the PVDF-
DMF electrolyte is nonflammable, making it a safer alternative to the conventional liquid 
electrolyte. Our work illustrates that the PVDF-DMF/palygorskite CPE is a promising electrolyte 
for solid state batteries with better safety and cycling performance. 
 Collectively, we study the polyether-based polymer electrolyte and ceramic electrolyte to 
combine their advantages through the ice-templating method in a battery, use ALD technique to 
stabilize polyether-based electrolyte for high energy density, and propose an alternative 
PVDF/DMF-based polymer electrolyte with nanowire additives for high energy density and stable 
cycling, contributing to the rechargeable solid-state batteries, with better safety, higher energy 
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Chapter 1: Introduction 
1.1 Motivation 
In recent years, the demand of clean energy, including batteries, solar, wind energy etc. is 
continuously booming due to electricity demand increase, global warming situation and shortage 
in oil production. Among them, batteries are attractive and play a very important role in portable 
electronics and electric vehicles.  
Especially in electric vehicle market, the global stock of electric cars surpassed 3 million 
vehicles in 2017 after crossing the 1 million in 2015 and the 2 million marks in 2016. In 2017, 
China had the largest electric car stock: 40% of the global total, whereas the European and the US 
each occupied about a quarter of the global total. Norway has the world’s highest share at 6.4% of 
electric cars in its vehicle stock. While the number of electric cars is notably on the rise, only three 
of the countries have a stock share of 1% or higher: Norway (6.4%), Netherlands (1.6%) and 
Sweden (1.0%). In addition to the 3.1 million passenger electric cars, there were around 250,000 
electric light commercial vehicles (LCVs) on the road in 2017. 
 
Figure 1.1. Evolution of the global electric vehicle market. Source: Sources: IEA analysis based 
on country submissions, complemented by ACEA (2018); EAFO (2018a) 
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In recent years, the global electric vehicle market has grown dramatically, with the annual 
sales around 1.2 million in 2017. China has the world’s largest electric car market and nearly 
580,000 electric cars were sold there in 2017, up 72% from the year before. The market is projected 
to grow at a compound annual growth rate (CAGR) of 32.6% to reach around 11 million units by 
2025, including both the pure electric vehicles and the plug-in hybrid vehicles[1]. Under the 
increasing situation, the demand for battery, as the energy supplier, will accordingly rise, to 
accommodate the large number of electric vehicles. 
However, the current battery technology does not well satisfy all the applications above. 
The next-generation batteries with better safety, higher energy density, faster charge/discharge rate, 
longer cycle life are desired.[2, 3] 
In the following text, I will talk about the background and principles of batteries. Then our 
developments of composite solid electrolyte with flexibility for stable lithium metal battery and 
stabilizing the nonflammable electrolyte in the above system with LFP cathode will be discussed. 
Next, ALD technique is applied to stabilize the polyether-based electrolytes with high voltage 
cathode such as NMC for high energy density. In the last part of this thesis, an alternative kind of 
polymer electrolyte with mechanical strength and stable cycling for the high voltage cathode will 
be presented.  
 
1.2 Lithium-ion Batteries 
An electric battery is a device whose chemical reactions create a flow of current in a circuit, 
transforming chemical energy into electrical energy[4, 5]. It is composed of three key elements, a 
cathode, an anode which are the two electrodes, and a kind of electrolyte used to conduct ions 
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between the cathode and the anode. The battery voltage is from the difference of the 
electrochemical potentials of the two electrodes. When connected with the external circuit in the 
discharge state, reduction reaction takes place at the cathode, or the positive electrode, and 
oxidation reaction at the anode or the negative electrode, providing the output voltage and current 
for the circuit. In charge state, the reactions are reversed. Batteries are generally classified into two 
categories, primary and secondary batteries. Primary batteries are created for one time use and 
then disposed, since the reactions in the primary batteries are not reversable. Secondary batteries, 
or rechargeable batteries are created to be recharged and reused for multiple times. The reactions 
that take place in them can be reversed. 
Lithium-ion batteries (LIBs) fall in the secondary batteries, and since the first LIB 
commercialized by Sony in 1991 with the LiCoO2/graphite system, LIBs have become very 
important energy storage devices in portable electronics, electric vehicles and grid-level energy 
storage. During the almost 30 years development, extensive studies have been done to improve the 
performance of the electrode materials and to develop new material systems, such as 
nonflammable liquid electrolytes and solid-state batteries. 
In LIBs, lithium ions move from cathode to anode during charge, and reversely during 
discharge. A commercially used LIB composed of LiCoO2 cathode and graphite anode is 
illustrated in Figure 1.2 as an example. The green and yellow cuboids are the aluminum and copper 
foils as the current collectors for the LiCoO2 cathode and graphite anode respectively. The cathode 
and anode materials are mixed with carbon additives as the conductive material and binders (e.g. 
polyvinylidene fluoride), to form films attached to the aluminum and copper substrates. To conduct 
ions between the two electrodes, an organic liquid electrolyte is needed composed of carbonate 
ethers (e.g. ethylene carbonate and diethyl carbonate) and a lithium salt (e.g. LiPF6). A porous 
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polymer film (e.g. polyethylene) called separator, is also required between the electrodes to 
separate the cathode and anode, preventing shorting issues. 
 
Figure 1.2. The working principle of a LiCoO2/graphite battery system. Source: Johnson 
Matthew Battery Systems. 
 
During charging process, the following reactions take place in the cathode and anode, 
Cathode:   LiCoO2 → Li1-xCoO2 + x Li+ + x e-, 
Anode:      6 C + Li+ + e- → LiC6, 
and the reversed reactions would happen during discharging process. 
  
1.3 Next-generation Lithium Batteries 
The current battery technology does not well satisfy all the applications. The next-
generation batteries with better safety, higher energy density, faster charge/discharge rate, longer 
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cycle life and lower cost are desired. In the currently commercialized lithium-ion batteries, organic 
liquids are used as the electrolyte such as ethylene carbonate (EC) and diethyl carbonate (DEC). 
The issue herein is that these organic liquid electrolytes are very flammable, causing some safety 
concerns like EV and smartphone fires.  
To achieve better safety, two approaches have attracted significant amount of attention. 
One is to use novel nonflammable liquid electrolytes instead of the commercially used organic 
ones [6, 7], another is to replace the liquid electrolytes directly with solid electrolytes which do 
not ignite [8-10]. These two approaches will be discussed in the following chapters.  
For the energy density improvement which is one of the most important parameters in 
battery and directly related with the battery life and mileage in EVs, lithium metal is considered 
as the “Holy grail” of the next-generation batteries, as it has more than 10 times specific capacity 
than the commercial graphite anode (3860 vs. 372 mAh/g) and the lowest electrochemical potential 
(–3.04 V versus the standard hydrogen electrode). With the lithium metal anode, a Li–LMO cell 
(where LMO is a lithium transition-metal oxide) can deliver a specific energy of ~ 440  Wh/kg, 
compared with the state-of-the-art ~ 250 Wh/kg lihthium-ion batteries[11]. In lithium batteries 
with lithium metal as the anode, the following reaction happens in the charging process: 
Cathode:   LiCoO2 → Li1-xCoO2 + x Li+ + x e-, 
Anode:      Li+ + e- → Li, 
while the reversed reaction occurs during discharge. The difference with lithium-ion battery is that 
during the battery charge and discharge, lithium element will undergo the oxidation and reduction 
reactions.  
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Like many other metals, lithium metal tends to deposit in dendritic form[12] during battery 
cycling. This is the main reason for thermal runaway and fire hazards resulting from internally 
shorting the cells. Thus, dendrite-free lithium batteries are desired as one basic demand.  
In the current LIBs, the commercial liquid electrolytes react with lithium metal, forming 
resistive solid state interphase (SEI) composed of solid-phase electrolyte decomposition products 
and resulting in low Coulombic efficiency and gradual increase of lithium metal anode 
overpotential. The consequence is that the battery capacity degrades over time. To prevent this and 
achieve a stable cycling stability with the desired lithium metal anode for the next-generation 
lithium batteries, lithium-stable nonflammable liquid electrolytes and solid electrolytes also serve 
as two important candidates.  
In the following chapters, solid electrolytes are studied, designed and utilized in the solid-
state rechargeable batteries. 
 
1.4 Important Parameters 
1.4.1 Battery Voltage 
For a simple chemical reaction 
A + B →AB, 
The driving force for the reaction results from the standard Gibbs free energy of AB and 
A+B, 
∆𝐺𝑟𝑥𝑛
𝑜 = ∑ ∆𝐺𝑓
𝑜(𝐴𝐵) − ∑ ∆𝐺𝑓
𝑜(𝐴 + 𝐵) 
The electrostatic energy per mole of a species is nEF, where E is the voltage between the 
cathode and anode, n is the charge number of electrons involved in the reaction, F is the Faraday 
constant (96500 C/mol). Thus, a battery voltage can be expressed as 
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E =  −∆G/nF, 
 The chemical potential of species i is denoted as  
𝜇𝑖 = 𝜕𝐺/𝜕𝑛𝑖, 
and the integer form of this is 
∆𝜇𝑖 = ∆𝐺 = −𝑛𝐸𝐹 
 The chemical potential of a species is related with its activity 
𝜇𝑖 = 𝜇𝑖
𝑜 + 𝑅𝑇𝑙𝑛𝑎𝑖, 
where 𝜇𝑖
𝑜  is the chemical potential of species i in the standard state, 𝑎𝑖 is the activity of species i, 
R is the ideal gas constant (8.31 J/mol), and T is the temperature. The activity is the effective 
concentration. If the activity is equal to 1, it behaves like the pure species.  
 In LIBs, the potential is always compared with the redox couple Li/Li+, which is -3.04 V 
vs. the standard hydrogen electrode. The potentials of several commonly used cathode and anode 
materials are listed below: 
Cathodes: Li(Ni1/3Mn1/3Co1/3)O2 : 3.7 V, LiCoO2 : 3.8-4.3 V, LiFePO4 : 3.4 V 
Anodes:  Graphite : 0 - 0.25 V, Li4Ti5O12: 1.55 V 
 In a battery, the voltage profile is demonstrated vs. the capacity. To understand the voltage 
profile across the battery with the state of charge, the Gibbs Phase Rule can be applied. The Gibbs 
Phase Rule is expressed as 
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F = C – P + 2, 
where F is the number of degrees of freedom, C is the number of elements, and P is the number of 
phases in the system. The voltage is one of the intensive thermodynamic parameters that can 
describe the system, falling in the freedom range.  
 As an illustration, the Li/I2 cell has iodine and lithium as the cathode and anode respectively, 
and for the reaction at I2 electrode, 
2Li+ +I2+2 e
- → 2LiI 
 Lithium and iodine two elements exist in this system. Thus C is 2. Here, the reaction for 
lithium ion and iodine will generate a new phase of LiI, so there are two phases in this reaction. 
Based on the Gibbs Phase Rule, the freedom F is equal to 2. However, in an electrochemical 
reaction, temperature and pressure need to be specified, meaning no other freedom is allowed in 
this system. In this case, the voltage does not change with the concentration of Li, or state of the 
charge, as shown in Figure 1.3. This is a two-phase reaction. 
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Figure 1.3. Potential vs. state of charge for a two-phase reaction. Figure adapted from ref. 5. 
 
As another example, the Li/TiS2 cell has TiS2 and lithium as the cathode and anode 
respectively, and for the reaction at TiS2 electrode, 
𝛿𝐿𝑖+ + 𝐿𝑖𝑥𝑇𝑖𝑆2 + 𝛿𝑒
− → 𝐿𝑖𝑥+𝛿𝑇𝑖𝑆2 
There are three elements exist in this system. Thus C is 3. Here, lithium ions are inserting 
into the LixTiS2 materials forming one solid solution, so the reaction has only one LixTiS2 phase. 
Based on the Gibbs Phase Rule, the freedom F is equal to 4. Other than temperature and pressure, 
there are two more parameters needed. Voltage is one of the two, indicating voltage is changing 




Figure 1.4. Potential vs. state of charge for a single-phase reaction. Figure adapted from ref. 5. 
 
1.4.2 Capacity 
 Capacity describes the amount of charge that a material can store. In battery, capacity is 































where C is the specific capacity, n is the mole number of electrons transferred in a reaction, F is 
the Faraday constant (96500 C/mol), Mw is the molecular weight of a material. 





where C+ and C- are the cathode and anode specific capacity respectively. 
 
1.4.3 Coulombic Efficiency 
 The Coulombic efficiency (CE) is the ratio of discharge capacity and charge capacity. CE 







1.4.4 Energy Density 
Energy density is the amount of energy stored in a battery per weight or per volume. The 
total energy stored in a battery has the form 
𝐸 = ∫ 𝑉𝑑𝐶 
where V is the voltage in the voltage profile and C is the corresponding capacity. 
The energy over the total weight of a battery is the gravimetric energy density, and the 
energy over the total volume is the volumetric energy density. The gravimetric energy density has 
the unit of Wh/kg, and the volumetric energy density unit is Wh/L. In theoretical energy density, 
only the specific capacities and weights of cathode and anode are considered. The practical energy 
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density in the battery should contain the weights of inactive materials in cathode and anode 
(conductive additives and binders), electrolyte, separator, and current collectors. 




 The power generated from a battery is the voltage times the current. With a high current 
for charging or discharging, there will be a high voltage loss due to the internal resistance (IR loss), 
polarization, solid-state diffusion and phase transformation. For this reason, batteries are tested at 
different currents, or C-rates. The discharge rate of a battery is expressed as C/n, where n is the 
number of hours needed to fully discharge the battery’s nominal capacity. For example, C/10 
current indicates that the current will fully discharge the battery in 10 hours, 5C means the current 
will discharge the battery in 12 minutes. Typically, commercial lithium ion battery can be operated 
up to 1 - 2C, and certain high-power lithium ion batteries could reach 5 - 10C. With different 
materials, the C-rate capabilities are different. 
 
1.4.6 Cycle Life 
The battery cycle life is another important parameter to evaluate a battery. It is defined as 
the cycle number (a charge/discharge cycle is one cycle) of cycles when the capacity of the battery 




The battery capacity retention is defined as the fraction of the remaining capacity after a 
period of cycling or storage under certain discharge conditions. 
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Chapter 2: Characterization Techniques 
2.1 Electron Microscopies 
Electron microscopies are used to characterize the morphology of materials. A scanning 
electron microscope (SEM) is an important electron microscope that can generate images of a 
material with a focused beam around 0.4 – 5 nm of electrons. The electrons are interacting with 
the atoms in the target material and scattered, including elastic, inelastic scatterings for secondary 
electrons, and emission of radiations, to provide the morphology and composition information of 
the target material. SEM can reach a resolution less than 1 nm. SEM images in this thesis are 
generated with a ZEISS SIGMA VP SEM in Columbia Nano Initiative (CNI) at Columbia 
University, as shown in figure 2.1 below. 
 
Figure 2.1. ZEISS SIGMA VP SEM at Columbia University. 
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A transmission electron microscope (TEM) is another important microscope that a beam 
of electrons is transmitted through a thin target material less than 100 – 200 nm. The images or 
diffraction patterns are generated from the interaction of the electrons with the sample. TEM has 
a much higher resolution than other microscopes due to the smaller de Broglie wavelength of 
electrons. TEM images in this thesis are generated with a FEI TALOS F200X S-TEM in Columbia 




Figure 2.2. FEI TALOS F200X S-TEM at Columbia University. 
 
When the electrons are interacting with the atoms in the samples, radiations such as X-ray 
will be generated in both SEM and TEM. The X-ray radiation can be used for the elemental 
analysis or chemical characterization, which is called the energy dispersive X-ray spectroscopy 
(EDS). In the interaction, the electron beam kicks out electrons in the inner shell of the atoms in 
the sample, followed by the electrons falling to empty inner shells from the outer shells. The 
excessive energy of electrons distinct for different elements is released as X-ray, and can be 
collected by the EDS detector, providing elemental and compositional information. The EDS 
detectors are embedded within the SEM and TEM instruments. 
 
2.2 X-ray Diffraction 
X-ray diffraction (XRD) is an important non-destructive tool to analyze the crystalline 
phases of materials. The Bragg equation  
nλ = 2d sin 𝜃 
is the key to understand XRD. Here n is an integer, λ is the wavelength of the X-ray, d is the 
interplanar spacing between atoms, and θ is the angle of the incident X-ray beam with respect to 
the plane. Knowing the wavelength and the incident angle, the spacings and then the crystal 
structure in the sample can be determined. The XRD data in this thesis is generated from 
PANALYTICAL XPERT3 POWDER XRD in Columbia Nano Initiative (CNI) at Columbia 
University (Figure 2.3). 
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 Figure 2.3. PANALYTICAL XPERT3 POWDER XRD at Columbia University. 
  
2.3 X-ray Photoelectron Spectroscopy 
X-ray photoelectron spectroscopy (XPS) is a surface-sensitive technique that can be 
applied to a broad range of elements, providing quantitative and chemical state information. A 
beam of X-ray is irradiating on the sample which causes photoelectrons to be emitted from the 
sample surface. By measuring the energy of the emitted electrons with the energy analyzer, the 
binding energy and intensity can be obtained to present the elemental and chemical state 
information. The XPS data in this thesis is generated from PHI 5500 XPS in Columbia Nano 
Initiative (CNI) at Columbia University (Figure 2.4). 
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Figure 2.4. PHI 5500 XPS at Columbia University. 
 
2.4 Thermogravimetric Analysis 
Thermogravimetric analysis (TGA) is a technique for thermal analysis. TGA measures the 
amount of weight change of the sample as a function of elevated temperature or time isothermally, 
under a certain atmosphere. The TGA result provides the information about the phase transitions, 
absorption, desorption, decompositions and other reactions. The TGA data in this thesis is 




Figure 2.5. Q500 TGA at Columbia University. 
 
2.5 Electrochemical Characterizations 
2.5.1 Cyclic Voltammetry 
Cyclic voltammetry (CV) is a potentiodynamic electrochemical measurement that can 
provide qualitative analysis of electrochemical reactions. In a CV experiment, the working 
electrode potential is scanned linearly vs. time, at a certain rate, typically between one hundredth 
millivolt to tens of millivolt per second. The CV is always plotted as current vs. voltage. When 
there is a peak spike for current, it indicates a reaction at that voltage. The cathodic peak exists at 
a lower potential and the anodic peak shows up at a higher potential. 
 
2.5.2 Electrochemical Impedance Spectroscopy 
 Electrochemical impedance spectroscopy (EIS) is useful technique to detect the impedance 
by applying a sinusoidal voltage perturbation to the system, in the frequency domain. Small 
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alternating current (AC) signals with different frequencies exist with the voltage amplitudes 
ranging from 5 – 20 mV.  
 The EIS measurement can be modeled with an equivalent circuit, and the results are always 
demonstrated in a Nyquist plot. In a Nyquist plot, the y-axis represents the negative of the 
imaginary part of the impedance, and the x-axis represents the real part. The impedance of a 
common resistor only contains a real resistance which is in phase with the AC voltage, and it 
occupies a dot on the x-axis in the Nyquist plot, as shown in Figure 2.6a. The impedance of a 
capacitance is out of phase with the AC signal and is called the reactance which is pure imaginary 





where i is the imaginary unit, ω is the angular frequency of the AC signal, and C is the capacitance. 
In a Nyquist plot, the capacitance is a line overlapping with the y-axis, and the dots on the line are 
originating from the alternating frequencies (Figure 2.6b). If a resistance and a capacitance are in 
series, as shown in Figure 2.6c, the Nyquist plot would have a line vertical to the x-axis, with the 
intersection as the resistance value. If a resistance is in parallel with a capacitance, there will be a 
semicircle in the Nyquist plot in Figure 2.6d. The right intersecting point with the x-axis represents 
the resistance value.  
 In lithium-ion batteries, when the lithium ions insert into the cathode or anode materials, 
there will be resistances from the electrolyte, a double-layer capacitance, a charge transfer 
resistance at the electrolyte-electrode interface, and the diffusion process inside the material. The 
equivalent circuit is illustrated in Figure 2.6e. The resistance Rs is composed of electronic 
resistance in the system and the ionic resistance of the electrolyte. The lithium ions moving through 
the electrolyte-electrode interface, which is called the charge transfer process, can be represented 
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by a charge transfer resistance Rct and a capacitance in parallel. This capacitance is resulted from 
the double layer capacitance of the electrolyte-electrode interface. The diffusion process of lithium 
ions inside the solid phase is described as the Warburg element (straight line with 45
ο
), with the 
expression 
𝑍 = 𝐴𝜔−1/2 − 𝑖𝐴𝜔−1/2. 
 
Figure 2.6. Schematics of basic circuit elements and corresponding Nyquist plots. (a) Resistance, 
(b) capacitance, (c) resistance and capacitance in series, (d) resistance and capacitance in parallel, (e) 
resistance and capacitance in parallel with diffusion into the electrode. Figure adapted from the thesis of 
Candace Chan at Stanford University. 
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Chapter 3: Flexible Composite Solid Electrolyte Composed of Ceramics and 
Polymer 
3.1 Introduction to Solid Electrolyte 
Lithium-based rechargeable batteries are important energy storage devices for portable 
electronics, electric vehicles and grid-level energy storage[4, 13]. High energy density, high safety 
and low-cost are the essential factors for developing next-generation lithium batteries. State-of-
the-art Li-ion batteries (LIBs) use organic liquid-based electrolytes, which readily conduct ions 
and have a reasonably large stability window of ~ 4 V, leading to both high power and high energy 
densities[4, 13, 14]. However, the organic liquid electrolytes have several drawbacks, such as high 
flammability, side reactions with both anode and cathode, electrolyte decomposition at high 
temperatures, potential leakage, and toxicity[14-16]. Solid electrolytes are attractive compared to 
liquid organic electrolytes, as they are much less flammable, and less reactive with electrode 
materials[17-20]. Moreover, they can also suppress the growth of dendrites in lithium anode, 
which has a specific capacity ten times that of graphite anode, and the most negative electrode 
potential (-3.04 V vs. standard hydrogen electrode). Therefore, successful development of solid 
electrolytes could potentially lead to rechargeable batteries with high safety, high energy density 
and low cost.  
Solid polymer electrolytes and inorganic ceramic electrolytes are most widely studied 
among solid electrolytes. Solid polymer electrolytes typically use polyethylene oxide (PEO) as the 
matrix with lithium salts (e.g. LiClO4) filled inside[4, 21, 22], while ceramic electrolytes are 
commonly based on oxides[23, 24] and sulfides[25, 26]. High ionic conductivities of 10-4 - 10-2 
S/cm have been observed in various ceramic electrolytes, such as NaSICON-type Li1+xAlxTi2−x(PO4)3 
(LATP)[27-29], Li1.5Al0.5Ge1.5(PO4)3 (LAGP)[30, 31], garnet-type Li7La3Zr2O12 (LLZO)[23, 32, 
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33] and sulfides[25, 26]. However, ceramics are typically rigid, difficult to process, and exhibit 
high interfacial resistance with electrode materials[34, 35]. In contrast, solid polymer electrolytes 
can be prepared by simple solution-based processes, but they typically have low ionic 
conductivities (<10-5 S/cm at room temperature)[22, 36, 37].  
 
3.2 Flexible Solid Electrolyte with Vertically Aligned Structure 
In order to combine the advantages of both types of electrolytes, composite electrolytes 
have been developed where ceramic particles are dispersed in a polymer electrolyte matrix (Figure 
3.1a)[8]. As demonstrated in previous work, the fillers could be either non-Li+ conducting, such 
as Al2O3[38], SiO2[22], TiO2[39] and ZrO2[40], or Li
+ conducting, such as Li0.5La0.5TiO3 
(LLTO)[41], LLZO[42] and LATP[43, 44]. For non-conducting fillers, ionic conductivities in the 
order of 10-5 S/cm can be achieved and the mechanism is considered to be the amorphorization of 
PEO and the creation of space-charge regions to facilitate Li+ transport[22, 45]. For ion-conducting 
fillers, ionic conductivity in the order of 10-4 S/cm has been reported[8]. However, the arrangement 
of fillers is either uniform dispersion[22] or fibers nearly in parallel to the surface of the solid 
electrolyte membrane[8]. For uniform dispersions, ion transport is significantly obstructed by the 
PEO matrix with a low conductivity, and conductivities even lower than the polymer matrix itself 
may be observed[45]. For fibers, a significant portion of ceramic does not contribute to ion 
conduction as they are aligned in parallel to the electrolyte surface. To maximize ionic conductivity 
of the composite electrolyte, it is ideal to have vertically aligned and connected ceramic conductors 
which is also predicted in a recent review article[11], as shown in Figure 3.1b. Here we present an 
ice-templating-based method to fabricate such structures in a composite electrolyte, where 
vertically aligned ion-conductive ceramic fillers form fast pathways for Li+ transport, while the 
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polymer matrix provides flexibility and mechanical support of the composite. In this work, LATP 
filler in PEO is used as an example. The composite electrolyte reaches an ionic conductivity of 
0.52 × 10-4 S/cm, which is close to the theoretical value based on the conductivity and volume 
portion of LATP (0.45 × 10-4 S/cm). The conductivity is largely limited by that of the ceramic 
phase, but this method can be extended to other ceramic systems, such as LLZO and even sulfides, 
to further enhance the ionic conductivity. 
 
Figure 3.1. The schematic of vertically aligned and connected ceramic channels for enhancing 
ionic conduction. (a) Ceramic particles are randomly dispersed in the polymer matrix, where ion transport 
is blocked by the polymer matrix with a low conductivity. (b) Vertically aligned and connected structure to 
facilitate ion transport, which can be realized by the ice-templating method. 
 
Figure 3.3a illustrates the principle of the ice-templating process, which has been 
developed in the past decade to form vertical structures for thermal insulation, battery electrodes 
and other functional materials[46-53]. In our experiments, the LATP nanoparticles (NPs) are 
dispersed in water and cast onto a substrate (step 1), after which the bottom end is slowly cooled. 
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Therefore, a vertical temperature gradient forms and ice nucleates from the bottom of the 
suspension, pushing the ceramic particles together to form vertically aligned structures (step 2). 
After ice sublimation, LATP particles are sintered together to form vertically aligned, straight 
channels for fast ionic transport (step 3 and 4). Lastly PEO/LiClO4 polymer electrolyte is filled 
into the porous ceramic structure to provide mechanical strength and flexibility (step 5).  
To realize such a composite electrolyte with a rationally designed structure, LATP NPs 
with high ionic conductivity are needed. Such NPs are synthesized by a co-precipitation 
process[54]. An 8 mL aqueous solution of 0.185 g lithium acetate dihydrate (CH3CO2Li•2H2O, 
99%; Alfa Aesar) and 0.418 g ammonium phosphate monobasic (NH4H2PO4, 98.5%; Sigma 
Aldrich), and a 2 mL ethanol solution containing 0.136 g aluminum nitrate non-anhydrate 
(Al(NO3)3•9H2O, 98%; Alfa Aesar) and 0.701 g titanium butoxide (97%, Sigma Aldrich) are 
mixed together, and a white precipitation is formed immediately. Then the precipitation is 
collected and heated at 850 oC for 2.5 hours. The X-ray diffraction (XRD) of the as-sintered LATP 
powders show mainly the LATP pattern[54, 55] (Figure 3.2b). To measure the ionic conductivity, 
the LATP particles are pressed into pellets at 240 MPa and sintered at 1000 oC for 10 hours. After 
annealing, the pellet shows almost the same phase as powders (Figure 3.2b). Figure 3.2a and inset 
are the SEM image of the as-synthesized LATP powders, with an average size of 200-500 nm and 
the camera image of the pellet. EIS measurement (Figure 3.2c) shows that the conductivity reaches 
1.0 × 10-4 S/cm at room temperature, comparable to the reported values[8, 54, 56].  
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Figure 3.2. Characterizations of as-synthesized LATP. (a) SEM image of as-synthesized LATP 
powders. Inset is the camera image of the LATP pellet. (b) XRD of as-synthesized LATP powders. (c) 
Impedance measurement of the LATP pellet at room temperature. (d) Temperature–dependent ionic 
conductivity of the pellet. 
 
After synthesizing LATP NPs with a high conductivity, they are dispersed in de-ionized 
(DI) water to form a suspension. Polyvinyl alcohol (PVA) and polyethylene glycol (PEG, 
MW=400) are added as binder and plasticizer, respectively. Then the suspension is dropped onto 
an Al2O3 plate, which is cooled afterwards from the bottom by a thermoelectric plate with a cooling 
rate of 3 oC/min. After the water is fully frozen, a vacuum is applied to sublime ice and the 
 28 
vertically aligned structure of LATP particles are revealed. Figure 3.3b and c are SEM images of 
the top and cross-section views of the vertically aligned ice-templated LATP structure before 
sintering, respectively. Clearly, straight pores are formed over a large area with typical pore sizes 
of 5-10 um. After sintering, the vertically aligned porous structure still remains, and particles are 
better sintered together, providing the direct pathways for lithium ions transport (Figure 3.3d and 
e). From SEM images, the typical film thickness is measured to be ~ 100 μm, and can be further 
reduced by lowering the thickness of the initial suspension coating. After sintering the LATP NPs 
and adding the PEO polymer electrolyte, the LATP porous structure is fully covered by 
PEO/LiClO4 (Figure 3.3f). The composite electrolyte is also flexible and can be easily bent (Figure 
3.3g). 
 
Figure 3.3. The ice-templating process and the as-fabricated composite electrolyte. (a) 1. Starting 
suspension with ceramic particles dispersed in water. 2. Unidirectional freezing through cooling from the 
bottom. 3. Sublimation of ice in a vacuum. 4. Densification of ceramics through sintering. 5. Combination 
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with the polymer electrolyte matrix to form the composite electrolyte. (b-e) SEM images of the ice-
templated LATP channels. (b) Top view before sintering, (c) Cross-section view before sintering, (d) Top 
view after sintering, and (e) Cross-section view after sintering. (f) SEM image (top view) of the aligned 
structure after filling the PEO/LiClO4 electrolyte. (g) Camera image showing the flexibility of the 
composite film. 
 
3.3 Thermal and Mechanical Stability 
Thermogravimetric analysis (TGA) is used to understand the thermal stability of the 
composite electrolyte. The electrolyte is heated in O2 with a heating rate of 10 °C/min. Both the 
pure PEO/PEG and PEO/PEG/ice-templated LATP composite samples are tested. The pure 
PEO/PEG electrolyte is thermally stable at up to temperatures of around 145 °C, whereas the ice-
templated composite is stable up to around 167 °C, indicating that LATP helps improve the thermal 
stability of the composite electrolyte. Above this temperature, polymers begin to decompose and 
most mass is lost before 400 °C. For the ice-templated composite electrolyte, the weight loss occurs 
in the similar temperature range, and the mass left is from LATP NPs inside the composite 
electrolyte. The ice-templated LATP fillers also stabilize the structure of the composite solid 
electrolyte. In Figure 3.4b, without any ice-templated structure, the PEO/PEG electrolyte melts 
and shrinks after heating at 180 oC for 30 min since there is no rigid ceramic backbone inside. In 
contrast, the electrolyte with ice-templated LATP NPs is intact at 180 oC, showing that the ceramic 
fillers can effectively stabilize the integrity of the structure. 
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Figure 3.4. Thermal properties of the composite electrolyte. (a) TGA curves of the PEO/PEG and 
PEO/PEG/ice-templated LATP electrolytes. The heating rate is 10 oC/min in O2 environment. (b) PEO/PEG 
and PEO/PEG/ice-templated LATP electrolytes before and after heating at 180 oC for 30 min. 
 
To evaluate the flexibility of the composite electrolyte, the ice-templated LATP/PEO/PEG 
composite film is bent for various times, followed by measurement of ionic conductivity (Figure 
3.5a). The film is first bent down to diameter of 5 cm up to 100 times. After an initial drop, the 
conductivity becomes stable after bending for 5 times. After 100 times bending, the conductivity 
remains at 82% of the initial value. The composite film is also bent down to diameter of 2.5 cm 
for various times. After 100 times, the conductivity remains at 74% of that before bending. The 
data supports that as-prepared composite film with vertical structure is mechanically flexible.   
The modulus of the composite electrolyte is also studied. Standard stress/strain curves are 
measured for both tension and compression. The tensile tests are conducted along the in-plane 
direction with a Model 5948 MicroTester Instron instrument, and the film shows the standard 
linear strain-stress curve at low strains (Figure 3.5b), which is used to calculate Young’s modulus. 
For the compressive tests, multiple pieces of composite electrolyte film are first compressed at 500 
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MPa to form a pellet. Then the pellet is compressed by the same MicroTester above. Non-linear 
behavior is observed in compression. The initial low modulus region is likely due to the stacking 
of multiple pieces. Therefore, the compression modulus is measured based on the linear regimes 
at larger strain (0.35 to 0.55 for PEO/PEG and 0.40 to 0.53 for PEO/PEG/ice-templated LATP). 
For PEO/PEG samples, moduli are 1.9 MPa and 1.4 MPa for tension and compression, respectively. 
For PEO/PEG/ice-templated LATP films, moduli are 6.6 MPa and 3.6 MPa for tension and 
compression, respectively. Obviously, the incorporation of LATP ceramic particles enhances the 
Young’s modulus of the solid electrolyte. The measured values are consistent with various 
previous reports on polymer electrolytes[57, 58]. The work by Khurana et al shows that even lower 
modulus is capable of suppressing dendrite growth[59].  
 
Figure 3.5. Mechanical properties of as-prepared composite electrolyte. (a) Ionic Conductivity vs. 
bending times. After an initial drop, the PEO/PEG/ice-templated LATP film shows stable ionic 
conductivities. (b) Tensile stress/strain curves for PEO/PEG and PEO/PEG/ice-templated LATP samples. 
Inset is the schematic of the in-plane tensile test. (c) Compressive stress/strain curves for PEO/PEG and 
PEO/PEG/ice-templated LATP samples. Inset is the schematic of the compressive test along z direction. 
 
3.4 Electrochemical Characterizations 
To validate our assumption that the vertically aligned and connected channels could 
enhance the ionic conductivity of the composite electrolyte, electrochemical impedance 
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spectroscopy (EIS) measurements of three types of samples at different temperatures are taken: a 
pure PEO electrolyte, PEO with randomly dispersed LATP NPs, and PEO with ice-templated 
LATP NPs (Figure 3.6a). In all samples, the molar ratio of ethylene oxide (EO) to LiClO4 is fixed 
at 8:1. The volume percentages of the LATP NPs in the two composite electrolytes are both 40% 
based on the thermogravimetric analysis. Since the surface of ice-templated LATP NPs + polymer 
composite is rough, it is difficult to get accurate EIS results with either stainless steel or sputtered 
Au electrode. Therefore, lithium metal foils are used as electrodes for EIS measurement in all 
samples; and thus two semicircles are observed, which correspond to the resistance of bulk 
electrolyte and the geometric capacitance in parallel (high frequencies), and the charge transfer 
resistance and the double layer capacitance in parallel (low frequencies), respectively. In order to 
extract the electrolyte conductivity, an equivalent circuit shown in Figure 3.6a is used to fit the 
two semicircles in the plot, and the fitting results are illustrated as red curves. The conductivity of 
pure PEO electrolyte is only 3.6 × 10-8 S/cm at room temperature (See Table 3.1 for conductivities 
at room temperature), and it increases to 7.0 × 10-5 S/cm at 70 oC, which is consistent with previous 
reports[22, 60]. After adding the randomly dispersed LATP NPs, the conductivity increases to 1.4 
× 10-6 S/cm at room temperature. The increased conductivity is quite small compared to the 
conductivity of LATP itself (~ 1.0 × 10-4 S/cm), as the LATP NPs are not connected and the 
conduction of Li+ ions is limited by the low conductivity of the matrix. The ionic conductivity of 
the ice-templated LATP film reaches 6.8 × 10-6 S/cm at room temperature, five times that of the 
randomly dispersed case. This shows that this design of vertically aligned and connected LATP 
fillers indeed improves the conductivity significantly.  
In order to understand the relation between EIS measured by stainless steel electrodes and 
lithium metal electrodes, EIS of the pure PEO electrolyte and the pure PEO/PEG electrolyte are 
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measured with both stainless steel (SS) and lithium metal electrodes. When Li metal is used, there 
are two semi-circles in the EIS, with the first corresponding to the resistance of the polymer 
electrolyte and the geometric capacitance in parallel, and the second corresponding to the charge 
transfer resistance and the double layer capacitance in parallel. The stainless steels act as blocking 
electrodes, so only one semi-circle shows up. From results shown in Figure 3.7, for PEO/PEG, the 
conductivities are 7.7 × 10-6 and 1.2 × 10-5 S/cm for Li and SS electrodes, respectively; for PEO, 
the conductivities are 3.6 × 10-8 and 5.6 × 10-8 S/cm for Li and SS electrodes, respectively. The 
conductivities are consistent between Li electrodes and SS electrodes for both PEO and PEO/PEG 
electrolytes in Figure 3.7. The results also suggest that the conductivities represented in our paper 





Figure 3.6. EIS measurements of the composite electrolyte. (a) EIS at room temperature for the 
pure PEO, PEO/randomly dispersed LATP NPs, and PEO/ice-templated LATP NPs electrolytes. Inset is 
the corresponding equivalent circuit. (b) Ionic conductivities of the three structures in (a) at different 
temperatures. (c) EIS at room temperature for the pure PEO/PEG, PEO/PEG/randomly dispersed LATP 
NPs, and PEO/PEG/ice-templated LATP NPs electrolytes. Inset is the equivalent circuit. (d) Ionic 
conductivities of the three structures in (c) at different temperatures. In (a) and (c), Rct and CPEdl represent 
the charge transfer resistance and the double layer capacitance; Rele and CPEgeom indicate the resistance of 
the electrolyte and the geometric capacitance.  
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No filler (S/cm) 
Randomly dispersed 
LATP NPs (S/cm) 
Ice-templated LATP 
NPs (S/cm) 
PEO 3.6 × 10-8 1.4 × 10-6 6.8 × 10-6 
PEO/PEG 7.7 × 10-6 1.5 × 10-5 5.2 × 10-5 
 
 
Figure 3.7. EIS measurements for SS and Li electrodes. (a) EIS for PEO/PEG with Li and SS 
electrodes. (b) EIS for PEO with Li and SS electrodes. 
 
Although an improved ionic conductivity has been observed in the ice-templated composite 
electrolyte, it is still much less than the theoretical value (0.4 × 10-4 S/cm) based on the volume 
portion and the ionic conductivity of LATP (40%, 1.0 × 10-4 S/cm) and PEO (60%, 3.6 × 10-8 
S/cm). This is likely due to the poor ionic transport at particle-particle interfaces, which may arise 
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from two factors: 1) the poor conduction at the LATP-LATP particle interfaces, since the ice-
templated film is not pressed, and 2) interfacial regions which form at the LATP/PEO interfaces 
and block the transport of Li ions along the pathways of LATP-PEO-LATP[45, 61]. To address 
this issue, PEG is added into the composite as a plasticizer to reduce the interfacial resistance and 
thus enhance the ionic conductivity. Although PEG is not stable with the lithium metal in the long 
term, here it is used as a model example to demonstrate the enhancement of the ionic conductivity 
after improving the interfacial conduction. As done for to EIS tests without PEG, three kinds of 
samples are prepared, including the pure PEO/PEG electrolyte, the PEO/PEG electrolyte with 
randomly dispersed LATP NPs, and the PEO/PEG electrolyte with ice-templated LATP NPs. As 
earlier, the volume portion of LATP NPs is kept at 40% in the two composite electrolytes. The 
pure PEO/PEG electrolyte has a conductivity of 7.7 × 10-6 S/cm at room temperature, which is two 
orders of magnitude higher than that of the pure PEO electrolyte. The conductivity further 
increases to 1.6 × 10-4 S/cm at 70 oC. After adding the randomly dispersed LATP NPs, the 
conductivity is 1.5 × 10-5 S/cm at room temperature, which is only twice that of the pure PEO/PEG 
electrolyte. This suggests that LATP does not help improve the ion transport significantly if 
particles are not well connected, especially when the matrix has a high conductivity. In contrast, 
the ice-templated LATP film reaches a conductivity of 0.52 × 10-4 S/cm at room temperature, 3.6 
times that of the PEO/PEG electrolyte with randomly dispersed LATP NPs. The value is also 6.8 
times that of the pure PEO/PEG electrolyte (Figure 3.6c). These results demonstrate that the 
rational design of vertically aligned LATP fillers play a role for the conductivity increase as well 
in the composite with the PEG plasticizer. Moreover, the conductivity of the PEO/PEG/ice-
templated LATP composite electrolyte (0.52 × 10-4 S/cm) is 7.6 times that of the one without PEG 
(6.8 × 10-6 S/cm), indicating the plasticizer indeed improve transport at the LATP/LATP and 
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LATP/PEO interfaces. The conductivity of PEO/PEG/ice-templated LATP composite electrolyte 
(0.52 × 10-4 S/cm) is also almost the same as the theoretical value of conductivity (0.45 × 10-4 
S/cm) discussed above, which supports the effectiveness of the ice-templated structure. This also 
suggests that a higher conductivity of 3.0 × 10-4 S/cm could be realized if ceramic fillers with 
higher conductivity are used, such as LLZO[23, 32, 33] or sulfides[25, 26]. The reason why the 
conductivity is beyond the theoretical value may be that the PEG plasticizer helps improve the 
interfacial transport between ceramic particles and polymer/ceramic particles. 
The porous LATP film itself without polymer is too fragile to measure its intrinsic 
conductivity. In order to validate that LATP contributes significantly to the ionic conduction, we 
measured the conductivity of the sintered porous LATP film soaked in dilute liquid organic 
electrolyte (0.125 mM LiPF6 in ethylene carbonate/diethyl carbonate of weight ratio 1:1, with the 
conductivity of 1.1 × 10-5 S/cm) instead of polymer, as shown in Figure 3.8. The EIS measurement 
is conducted with stainless steel as the electrodes.  
 
Figure 3.8. Ice-templated LATP with liquid electrolyte. (a) Schematic of the sample, combining 
ice-templated LATP with liquid electrolyte. (b) EIS measurement for ice-templated LATP with liquid 
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electrolyte, with a conductivity of 5.9 × 10-5 S/cm based on the total area of LATP and pores (filled with 
electrolyte). 
 
Such sample shows a conductivity of 5.9 × 10-5 S/cm (Figure 3.8). Based on the porosity 
(60%) of the film and the fact that the liquid electrolyte and LATP are in parallel, the corresponding 
conductivity of the LATP bulk phase is estimated to be 1.2 × 10-4 S/cm, which is consistent with 
our result of the LATP pellet conductivity. This indicates that the LATP phase is the key reason 
for the high conductivity. 
LATP is just an example to demonstrate the effectiveness of vertically aligned and 
connected ceramic fillers for enhancing ionic conductivity[62], and the concept can be applied to 
other ceramic solid electrolytes such as LAGP, LLZO and sulfides. LAGP has similar properties 
with LATP, so ice-templating with water should also work with LAGP ceramic particles. LLZO 
is known to be unstable in water due to the ion-exchange between LLZO and protons in water[63]. 
However, we find that adding LiOH into water could compensate lithium loss in water and the 
LLZO phase is recovered after sintering at 900 oC (Figure 3.9).  
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Figure 3.9. XRD for the as-synthesized LLZO powders (black), LLZO powders soaked in DI water 
and heated at 900 oC (red), and LLZO powders soaked in 2M LiOH solution and annealed at 900 oC (blue). 
A secondary phase of La2Zr2O7 shows up for the sample soaked in pure water, but it does not exist if LLZO 
powders are soaked in 2M LiOH solution. 
 
Therefore, LLZO is compatible with proposed ice-templating method. For sulfides, water 
can be replaced by camphene, which also produces the vertical structure and allows the operation 
at room temperature[64].  
To test the battery cycling performance by charging and discharging with lithium metal 
anode, LATP cannot be used since it will be reduced by lithium metal (Figure 3.10).  
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Figure 3.10. After contacting with lithium metal for 24 hours, the LATP pellet turns into black, 
indicating that LATP is reduced by the lithium metal.  
 
Since LAGP has the similar properties with LATP, and it is stable with lithium metal[30, 
65, 66], LAGP can serve as the ceramic electrolyte in the ice-templating technique to test the 
battery cycling performance with cathode and lithium metal anode. As expected, vertically aligned 
structure can be obtained with LAGP (Figure 3.11), just like in LATP.  
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Figure 3.11. SEM images of the ice-templated LAGP solid electrolyte. (a) Top view before 
sintering, (b) Cross-section view before sintering, (c) Top view after sintering, (d) Cross-section view after 
sintering, (e) Top view of the solid electrolyte after PEO polymer filling, (f) Cross-section view after 
polymer filling. 
 
To verify the ionic conduction, the electrochemical impedance spectroscopy (EIS) of the 
ice-templated LAGP/PEO composite electrolyte is tested at different temperatures in Figure 3.12. 
Its ionic conductivity could achieve 1.67 × 10-4 S/cm at room temperature and finally reaches 1.11 
× 10-3 S/cm when heated to 60 ℃.  
 
Figure 3.12. EIS at different temperatures for LAGP/PEO. (a) EIS at different temperatures for the 
ice-templated LAGP/PEO composite electrolytes. The test is performed with stainless steel electrodes. (b) 
Ionic conductivities and activation energy of the ice-templated LAGP/PEO composite electrolytes.  
 
For the Li-LAGP/PEO-Li symmetric cell to test the cycling stability of lithium ion moving 
back and forth by charging and discharging, the cycling remains stable for 200 hours with a current 
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density 0.1 mA/cm2 and capacity 0.1 mAh/cm2. Increasing to 0.3 mA/cm2 and 0.3 mAh/cm2, the 
cycling is still stable for 200 hours in Figure 3.13a. This result indicates the LAGP/PEO composite 
electrolyte is stable towards lithium metal anode. To demonstrate the feasibility of the LAGP/PEO 
composite electrolyte in a cell, LiFePO4 (LFP) and lithium metal are used as the cathode and the 
anode respectively. In the cycling test with the voltage range 2.5 – 3.8 V, the cell has an initial 
capacity of 148.7 mAh/g at 0.2C for the first cycle. When the current increases to 0.3C, the capacity 
remains at 141.0 mAh/g after 200 cycles, and the capacity retention is above 95% (Figure 3.13b). 
This result further testifies that the stable cycling with lithium metal and also LFP cathode could 
be achieved with this composite electrolyte. The voltage profile in Figure 3.13c shows that from 
the 1st cycle to 200th cycle, the voltage hysteresis remains unchanged at ~0.15 V. This small and 
stable voltage hysteresis illustrates an unobstructed lithium ion transportation in our vertically 
aligned LAGP ceramic structure. Moreover, this vertically aligned structure with rapid Li+ 
transport also benefits power capability. The cell delivers capacities of 150.6 mAh/g, 139.0 mAh/g 
and 123.7 mAh/g at rates of 0.3C, 0.5C, and 1C, respectively, and retains the capacity steadily for 
10 cycles (Figure 3.13d). After that, the same cell is cycled following 0.2C rate for 30 cycles and 
0.6C rate for more than 400 cycles. The rate capability performance with a high capacity retention 




Figure 3.13. Electrochemical characterizations of LAGP/PEO system. (a) Voltage profiles at 
current densities 0.1 and 0.3 mA cm−2, and capacities 0.1 and 0.3 mAh cm−2, respectively. (b) Galvanostatic 
charge and discharge profiles of Li-LAGP/PEO-LiFePO4 cell at 0.2 C for the first two cycles and 0.3 C for 
the following 200 cycles between 2.5 V to 3.8 V vs Li+/Li. (c) Voltage profile at different cycles of Li-
LAGP/PEO-LiFePO4 cell between 2.5 V to 3.8 V vs Li+/Li. The testing condition is the same as (b). (d) 
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Rate capacities of the Li-LAGP/PEO-LiFePO4 cell cycling at different rates from 0.3C to 1C and 
continuously cycling at 0.6C for 400 cycles. All the tests are performed at 60 °C. 
 
3.5 Conclusion 
Replacing flammable organic liquid electrolytes with solid Li-ion conductors is a 
promising approach to realize safe rechargeable batteries with high energy density. Composite 
solid electrolytes, which are comprised of a polymer matrix with ceramic Li-ion conductors 
dispersed inside, are attractive, since they combine the flexibility of polymer electrolytes and high 
ionic conductivities of ceramic electrolytes. However, the high conductivity of ceramic fillers is 
largely compromised by the low conductivity of the matrix, especially when nanoparticles (NPs) 
are used. Therefore, optimizations of the geometry of ceramic fillers are critical to further enhance 
the conductivity of composite electrolytes.  
In this chapter, the fabrication of a flexible composite electrolyte composing of a vertically 
aligned and connected ceramic particles and a polymer is presented. LATP and LAGP NPs in the 
polyethylene oxide (PEO) matrix are aimed to maximize the ionic conduction, while maintaining 
the flexibility of the composite. This vertically aligned structure can be fabricated by an ice-
templating-based method, and its conductivity reaches 0.52 × 10-4 S/cm for LATP/PEO, and 1.67 
× 10-4 S/cm for LAGP/PEO composite electrolytes, which are several times higher than that of the 
composite electrolyte with randomly dispersed LATP/LAGP NPs. The composite electrolytes also 
show enhanced thermal and mechanical stability compared to the pure PEO electrolyte. The LFP-
LAGP/PEO-Li cell reaching 148.7 mAh/g during the first discharge at 0.3C has over 95% capacity 
retention after 200 cycles. This method opens a new approach to optimize ion conduction in 
composite solid electrolytes for next-generation rechargeable batteries. 
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PEO and PEG are polyether-based electrolytes, and they are not stable above 4 V, vs. Li+/Li, 
so that it is considered to be only compatible with LiFePO4 with lower energy density, but not 4 
V Li(NixMnyCo1-x-y)O2 electrode materials with high energy density, limiting their use for high 
energy density applications such as electric vehicles. In the next chapter, we propose a solution to 
stabilize the polyether-based electrolytes at high voltage above 4 V. 
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Chapter 4: Polyether-based Nonflammable Electrolyte with High Voltage 
Cathode 
4.1 Introduction  
Lithium-based rechargeable batteries with high energy density are highly attractive for 
applications ranging from portable electronics to electric vehicles and grid-level energy storage. 
However, higher energy density is typically accompanied by lower thermal stability and higher 
safety risk[67, 68]. One intrinsic and critical safety issue in lithium-based batteries is the 
flammability of liquid organic carbonate electrolyte, which has a low flash point around room 
temperature[69]. Although ionic liquids have shown potential to be non-flammable, their costs are 
high for large-scale production[70]. Polyethylene oxide (PEO) or polyethylene glycol (PEG)-
based electrolytes are attractive to address this issue on thermal stability, as they have much higher 
flash point (e.g. >150-200 ℃), and they are compatible with state-of-the-art techniques for 
industrial manufacturing[60]. Unfortunately, PEO is a polyether and easily oxidized above 4.0 V 
vs. Li+/Li, so that it is traditionally considered to be only compatible with LiFePO4 with lower 
energy density, but not 4 V Li(NixMnyCo1-x-y)O2 electrode materials with high energy density[14].  
Although various reports have shown anodic stability beyond 4.5 V vs. Li+/Li in cyclic 
voltammetry tests with stainless steel electrodes[22, 71], most full cell tests are with LiFePO4, 
except few with LiMn1-xFexPO4[72]. In contrast, LiCoO2/PEO/Li cells show fast capacity decay, 
even with polymeric protection on the surface[73]. This suggests that the Ni/Co-rich surface of 
Li(NixMnyCo1-x-y)O2 catalyzes oxidation reaction of PEO and accelerate its degradation. Therefore, 
we hypothesize that effective passivation of NMC will reduce the surface’s activity toward PEO 
oxidation, and its cycling performance can be stabilized. 
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4.2 Protective Coating Layer for the Cathode 
By hypothesizing that effective passivation of NMC will reduce the surface’s activity 
toward PEO oxidation and the cycling can be stabilized, 2 nm Al2O3 coating is formed on the 
Li(NMC)1/3O2 (NMC) electrode by atomic layer deposition (ALD) to passivate the surface in our 
experiment, and possibly the as-coated electrode shows significantly improved stability with short-
chain polyethylene glycol electrolyte (Molecular weight Mw of 500). The design is shown in 
Figure 4.1A. 
The coating of Al2O3 was performed in a Cambridge Nanotech Savannah 200 ALD system. 
ALD coating is performed on as-prepared NMC electrode by alternating water and trimethyl 
aluminum sources in a 4-inch ALD chamber. To allow precursors fully penetrating the torturous 
battery electrode, a 5 s holding period is inserted between precursor pulse (0.03 s) and pumping 
(30 s). The existence of ALD Al2O3 coating is clearly shown in the high-angle annular dark-field 
(HAADF) image in Scanning Transmission Electron Microscopy (STEM) (Figure 4.1B), where a 
2 nm amorphous coating presents on NMC surface, and EDS mapping shows that the coating layer 
is Al2O3, indicated by the concentrated Al signal (Figure 4.1C-E). The existence of Al2O3 is further 
supported by Energy Dispersive Spectrometer (EDS) in Scanning Electron Microscope (SEM), as 
a clear peak of Al can be seen in the spectrum over a large area (Figure 4.1F). 
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Figure 4.1. Design of Cathode Electrolyte Interphase coating to suppress the oxidation of PEO and 
stabilize the NMC cathode. (A) A schematic to illustrate the concept of protection. (B) The HAADF image 
of an NMC electrode with 2 nm Al2O3 coating by atomic layer deposition (ALD). (C-E) EDS mapping of 
(C) Aluminum, (D) Cobalt and (E) overlapping of Aluminum and Cobalt in the STEM mode. All scale bars 
are 5 nm. (F) EDS spectrum in SEM for large area. Al peak is clear. 
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4.3 Electrochemical Characterizations 
To evaluate the effectiveness of such oxide coating, the as-coated NMC electrode is 
combined with poly(ethylene glycol) dimethyl ether (PEGDME) with Mw of 500, and a binary salt 
of 0.6 M lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) and 0.4 M lithium 
bis(oxalato)borate (LiBOB). The reason to choose such small Mw is to increase the electrolyte 
conductivity, which reaches 1.1 × 10-3 S/cm at 30 ℃ and 3.4 × 10-3 S/cm at 60 ℃ (Figure 4.2).  
 
Figure 4.2. Conductivity of 0.6 M LiTFSI + 0.4 M LiBOB in poly(ethylene glycol) dimethyl ether 
(Mw = 500) and 1 M LiTFSI + 1 M LiDFOB in poly(ethylene glycol) dimethyl ether (Mw = 500) between 
10 and 60℃.  
 
Meanwhile, as the chemical nature of PEGDME and PEO with higher molecular weight 
are the same, the low Mw should have little effect on electrochemical/chemical reactions between 
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NMC and the electrolyte, and our conclusion that Al2O3 coating can stabilize such polyether 
electrolyte with 4V NMC cathode should not change. For simplicity, we will use the abbreviation 
PEG instead of PEGDME with Mw of 500 in this article. The dual salt combination of LiBOB and 
LiTFSI is selected as it can help prevent Al substrate from the corrosion of LiTFSI[74-76].  
The electrochemical performance of such Al2O3-coated NMC / PEG-LiTFSI-LiBOB / Li 
cell is first tested by galvanostatic cycling. After two cycles at C/10, the cell is charged at C/3 (1C 
= 150 mA/g) followed by a CV step down to C/20, and discharged at C/3. Both ranges of 2.8-4.2 
V and 2.8-4.25 V are tested. In the 2.8-4.2 V range, it is clear that the cycling stability is greatly 
enhanced with thicker ALD coating (Figure 4.3). Without coating, the initial capacity at C/3 is 
130.1 mAh/g, but drops fast to 26.3 mAh/g after only 40 cycles (Figure 4.3C). Improvement can 
be already seen in 1 nm coating, but not very effective. The initial capacity at C/3 is 125.1 mAh/g, 
and remains at 108.3 mAh/g after 40 cycles. However, the capacity decays fast between the 50th 
and 80th cycle, and is below 10 mAh/g at the 100th cycle. In contrast, with 2 nm coating, the initial 
capacity at C/3 reaches 128.5 mAh/g, and maintains as high as 101.8 mAh/g after 100 cycles, and 
85.7 mAh/g at the 200th cycles. This represents a capacity retention of 66.7% after 200 cycles or 
a loss of only 0.021% per cycle.  
Such improved performance clearly validates our hypothesis that a high-quality cathode 
electrolyte interphase (CEI, typically used to describe the cathode-side surface layer that is 
composed of solid-phase electrolyte decomposition products) can passivate NMC surface and 
suppress the oxidation of PEG electrolytes. This is further confirmed by the stabilized Coulombic 
efficiency (CE) for samples with Al2O3 coating. First, the initial CE increases slightly from 83.0% 
at 0 nm to 84.0% at 1 nm, and 84.9% at 2 nm Al2O3 coating, and  the average CE in the first 100 
cycles at C/3 also improves from 98.10% for 0 nm to 98.60% for 1 nm and 99.43% for 2 nm 
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coating. Moreover, a strong correlation is also observed between the onset of fast capacity fading 
and the destabilization of CE. Once CE starts to fluctuate, such as the 16th cycle for bare NMC 
and the 50th cycle for 1 nm coating (marked by arrows), the capacity starts to fade quickly. This 
suggests that the fast capacity fading in samples without Al2O3 protection is induced by side 
reactions between NMC and the PEG electrolyte.  
 
Figure 4.3. Electrochemical performance of Al2O3-coated Li(NiMnCo)1/3O2 (NMC) electrodes. (A) 
Voltage profiles of NMC electrode with 2 nm coating at 1st, 10th, 50th, 100th and 200th cycles. (B) Specific 
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discharge capacity vs. current rates for NMC electrode with 2 nm coating. (C) Cycling performance of 
NMC electrodes with 0, 1 and 2 nm Al2O3 coating. (D) Corresponding coulombic efficiency of NMC 
electrodes in (C). Cells in (A, C, D) are cycled at C/3 between 4.2 and 2.8 V (1 C = 150 mA/g). A constant 
voltage step is added at the end of Charging with a current cut-off of C/20. In (B), the testing condition is 
the same as (A, C, D) except that the discharge voltage cut-off is 2.7 V instead of 2.8 V.  
 
The power capability of the 2 nm Al2O3-coated NMC electrodes are further evaluated for 
the range of 2.8-4.2 V. The specific capacity at 0.3, 0.5 and 1 C are 118.8, 116.9 and 98.8 mAh/g, 
which are 86.3%, 85.0% and 71.8% of that at 0.1 C (137.6 mAh/g). These results are reasonable 
for wide applications, and the lower discharge capacity at 1 C is likely a result of excessive 
resistance induced by the ALD coating, which can be further engineered to reduce resistance.  
Similar trend of enhanced cycling stability is also observed when the cell is cycled between 
2.8 and 4.25 V (Figure 4.4). Without coating, the initial capacity is 135.0 mAh/g, but drops fast to 
19.3 mAh/g after 50 cycles. In contrast, with 2 nm coating, the initial capacity reaches 141.2 
mAh/g, and maintains at 91.5 mAh/g after 100 cycles, or a capacity retention of 65%. The 
improved performance is further confirmed by the more stable CE for samples with Al2O3 coating. 
For bare NMC samples, the CE starts to fluctuate remarkably after 25 cycles with a standard 
deviation as high as 4.5%. In contrast, only a small fluctuation of 1.0% is observed in NMC with 
2 nm coating after 50 cycles, with an average CE of 99.0%. Although the cycling performance is 
not as good as that with 4.2 V cut-off, the remarkable contrast between samples with and without 
ALD coating clearly demonstrate the effectiveness of Al2O3 passivation. 
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Figure 4.4. Electrochemical performance of Al2O3-coated NMC electrodes charged cycled 
between 2.8 and 4.25 V vs. Li+/Li. (A) Cycling performance of NMC electrodes with 0 and 2 nm Al2O3 
coating. (B) Coulombic efficiency of NMC electrodes in (A). All cells are cycled at C/3 between 4.25 and 
2.8 V (1 C = 150 mA/g). A constant voltage step is added at the end of charging with a current cut-off of 
C/20. 
 
To understand why the Al2O3 coating improves the cycling performance, the protective 
effect of Al2O3 is first examined by cyclic voltammetry of carbon fiber papers (CFPs). Carbon 
fiber papers (AvCarb MGL190) with and without 2 nm coating were combined with lithium metal 
counter electrodes, and scanned between 2.5 and 4.5 V vs Li+/Li at 1 mV/s for 5 cycles (Figure 
4.5A). The anodic current above 4.0 V vs Li+/Li is significantly smaller than bare carbon, 
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indicating less oxidation of PEO electrolyte. For example, in cycle 1, anodic current densities on 
bare CFP are 13.7, 28.1 and 81.6 mA/cm2 at 4.2, 4.3 and 4.5 V, respectively, but reduce to 7.9, 8.0 
and 24.6 mA/cm2 for CFP with 2 nm Al2O3 coating. Similarly, in cycle 5, while the anodic current 
density remains at 2.5, 3.5 and 28.1 mA/cm2 at 4.2, 4.3 and 4.5 V for bare CFP, the current densities 
are only 0.78, 1.23, and 15.3 mA/cm2 for CFP with 2 nm Al2O3, representing a reduction of 40-
70% in the oxidation rate. It should be noted that the area for values above is based on geometric 
area, so the true anodic current density normalized to the electrode surface area is significantly 
lower. The background current due to double layer capacitance in Figure 4.5 is ~1 mA/cm2 based 
on geometric footprint. As the scanning rate is 1 mV/s, the capacitance is ~1 mF/cm2. Since the 
double layer capacitance on porous carbon surface is ~10 mF/cm2, the estimated true surface area 
is ~100 cm2, about 100 times of the geometric footprint[77]. 
 
Figure 4.5. Electrochemical stability of PEO with NMC. (A) Cyclic voltammetry at cycle 1, 2 and 
5 for NMC electrodes with 2 nm and without Al2O3 coating. The scan rate is 1 mV/s. (B) Corresponding 
anodic current densities at different electrode potentials for NMC electrodes with 2 nm and without Al2O3 
coating. The background current due to double layer capacitance is subtracted based on the anodic current 
at 3.4 V vs. Li+/Li in each cycle. 
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4.4 Analysis of the Cathode Electrolyte Interphase  
The reduced oxidation rates of PEO may originate from multiple factors, such as reduced 
surface activity towards PEO oxidation, and changes in chemical composition in CEI. To better 
understand the protective mechanism, XPS depth profile of NMC electrodes after 50 cycles is 
measured. Two kinds of samples are compared: the bare NMC electrode and the NMC electrode 
with 2 nm Al2O3 coating, which were both rinsed in 1,2-dimethoxyethane (DME) for 15 seconds 
and dried before characterizations. Both samples are sputtered for 0, 2.5, 7.5 and 17.5 min to obtain 
the depth profile. As the nominal sputtering speed is 2 nm/min, they correspond to nominal depth 
of 0, 5, 15 and 35 nm, respectively. First, the Al peak is clear on NMC electrode with 2 nm Al2O3 
coating. Interestingly, Al peaks at all depth correspond to Al-F bond instead of Al-O. This suggests 
that the Al2O3 coating reacts with F in LiTFSI to form AlF3-like species during cycling, which is 
known to protect cathode materials[78, 79]. The F-1s peaks are also distinct for two samples. In 
the sample with 2 nm coating, although the surface signal is dominated by C-F from PVDF at 
688.8 eV, the peak at 686.7 eV dominates for 2.5-17.5 min sputtering. This peak can be assigned 
to Al-F, which is consistent with results on the Al peak[79, 80]. The energy of 686.7 eV aligns 
with B-F too, which may come from the oxidation of LiBOB[81]. However, the concentration of 
B-F is unlikely to be high, since B signal is very weak on NMC surface (Figure 4.7A). On the 
other hand, the dominant F-1s signal in bare NMC is the C-F bond from PVDF. No Al-F or B-F is 
observed except a small peak at 17.5 min sputtering (Figure 4.6C). 
O and C peaks also unveil important information. For the NMC electrode with 2 nm coating, 
although the dominant signal is C-O bond in O-1s (Figure 4.6D) and C-1s peaks (Figure 4.7), a 
metal-O peak arises starting from 2.5 min of sputtering (~5 nm), indicates that the CEI layer is 
thin[82, 83]. In contrast, on bare NMC electrode, no M-O bond is detected even down to 17.5 min 
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of sputtering (~35 nm), suggesting a thick layer of CEI, which may block ion transport. The 
difference in SEI thickness is also supported by XPS depth profile of Ni/Mn/Co, which shows up 
clearly after 2.5 min sputtering in the sample with 2 nm Al2O3 coating. On the other side, without 
Al2O3 coating, these transitional metals cannot be detected even after 17.5 min sputtering (Figure 
4.8) [84]. C peaks further show that the major composition of carbon species in CEI is C-O-C 
(286.6 eV, ether) and C-C/C-H (284.8 eV) in both samples, with a low concentration of C=O 
centered at 289.2 eV, which may arise from the oxidation of PEG[81, 83, 85]. The XPS results 
clearly prove that there are remarkable differences of CEI for samples with Al2O3 coating and 
without coating. The participant of Al in CEI formation alters the surface chemistry and leads to 
more protective phases, such as AlFx and BFx, which slows down PEO oxidation. The thickness 
of CEI is also smaller, which facilitates ion transport. 
 
Figure 4.6. XPS depth profile on the surface of NMC electrodes cycled for 50 times. (A) Al-2p 
signal on NMC electrode with 2 nm Al2O3 coating. (B and C) F-1s signal on NMC with 2 nm Al2O3 coating 




Figure 4.7. The XPS depth profile of NMC electrode after 50 cycles. (A and B) B-1s signal on 
NMC with 2 nm Al2O3 coating (A) and bare NMC (B). (C and D) C-1s signal on NMC with 2 nm Al2O3 
coating (C) and bare NMC (D).  
 
 
Figure 4.8. XPS surveys of NMC surface. (A) with 2 nm Al2O3 coating and (B) bare NMC. The 
peaks at 979 and 553 eV (in A and B) correspond to O Auger and O loss, respectively. The peak at 833 eV 
can be assigned to F Auger. 
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4.5 Nonflammability of the Electrolyte 
Recently, Shuhong Jiao et al., reported highly stable cycling of NMC electrode in DME by 
using concentrated salt (2 M LiTFSI + 2 M LiDFOB), during the preparation of this paper[81]. 
The mechanism is that the decomposition of salt helps form a high-quality CEI to prevent the 
oxidation of this ether. However, DME is highly flammable, which has a low flash point of -2 
oC[69]. Even with highly concentrated salt inside, it is easily ignitable (Figure 4.9a). In contrast, 
PEG has much better thermal stability. It has a high flash point of 156 oC, and it is difficult to catch 
fire under mild ignition (Figure 4.9B).  
 
Figure 4.9. Flammability test. (A) 2M LiTFSI + 2M LiDFOB in DME and (B) our PEG-based 
electrolyte (0.6 M LiTFSI + 0.4 M LiBOB in PEG) at different times. DME electrolyte is easily ignitable, 
while PEG one does not catch fire for 30 seconds. The whole video can be found as supplemental video 1. 
 
Moreover, regarding to cycling performance, the concentrated salt approach in PEG 
appears not as effective as in DME. First, the salt solubility in PEG is much lower than that in 
DME. Only 1 M LiTFSI + 1 M LiDFOB (1 M/1 M) can be dissolved inside, and the ionic 
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conductivity is only 5.5 × 10-4 S/cm at 30 oC, half of the 0.6 M LiTFSI + 0.4 M LiBOB in PEG 
electrolyte we use above. Moreover, such 1 M/1 M combination appears not highly effective 
regarding to preventing PEO oxidation. As illustrated in Figure 4.10A, bare NMC with 1 M LiTFSI 
+ 1 M LiDFOB in PEG shows a similar cycling performance with bare NMC in 0.6 M LiTFSI + 
0.4 M LiBOB in PEG, but it is much worse than 0.6 M LiTFSI + 0.4 M LiBOB in PEG with 2 nm 
Al2O3 coating. In addition, the average coulombic efficiency between cycle 10 and 23 is 98.03%, 
smaller than 99.44%, the CE with 2 nm Al2O3 coating in the same cycling range (Figure 4.10B). 
This demonstrates the importance of surface coating to alter surface chemistry and improve 
stability against electrolyte oxidation. 
 
Figure 4.10. Effects of salt concentration. (A) Discharge capacity and (B) Coulombic efficiency 
vs. cycle number of concentrated 1 M LiTFSI + 1 M LiDFOB in PEG with bare NMC (blue), 0.6 M LiTFSI 
+ 0.4 M LiBOB in PEG with bare NMC (black), and 0.6 M LiTFSI + 0.4 M LiBOB in PEG with 2 nm 
Al2O3-coated NMC (red). The data in red and black curves are the same as those in Figure 2. For 1 M 
LiTFSI + 1 M LiDFOB in PEG with bare NMC (blue), the cell is cycled at C/5 and C/10 for the 1st and 
2nd cycle, respectively. The battery cannot be well cycled at C/3 due to reduced ionic conductivity, so the 
current was changed to C/5 at the 9th cycle. Therefore, due to the change of C rate, CE at the 3rd and 9th 




Batteries with high energy density often has lower thermal stability and higher safety risks. 
Replacing flammable liquid organic electrolyte inside with more thermally stable ones is a 
promising solution, such as widely studied polyethylene oxide (PEO) or polyethylene glycol (PEG) 
electrolytes. Unfortunately, they are not stable with 4 V Li(NixMnyCo1-x-y)O2 (NMC) cathodes, 
hindering them from application in batteries with high energy density.  
In this chapter, we demonstrate that the compatibility between the polyether-based PEG 
electrolyte and NMC cathodes can be significantly improved by forming a 2 nm Al2O3 coating on 
NMC surface. This nanoscale coating dramatically changes the composition of the cathode 
electrolyte interphase and thus stabilizes PEG electrolyte with the NMC cathode. With the 2 nm 
ALD Al2O3 coating, the capacity remains at 84.7% after 80 cycles and 70.3% after 180 cycles. In 
contrast, the capacity fades to less than 50% after only 20 cycles in bare NMC electrodes. This 




Chapter 5: An Alternative PVdF/DMF-based Polymer Electrolyte for 4 V-class 
Cathode 
5.1 Introduction 
Solid-state lithium batteries have been intensively pursued as promising solutions to safety 
issues in Li-ion batteries with organic liquid electrolyte, such as leakage, flammability and unstable 
solid-electrolyte interface (SEI) formation[86-95]. Solid electrolyte is critical to the successful 
development of solid-state lithium batteries[96-102]. As an important class of solid electrolyte, 
solid polymer electrolytes (SPE), such as poly(ethylene oxide) (PEO), has attracted much attention 
due to their decent flexibility and facile processing compared with inorganic ceramic 
electrolytes[72, 103, 104]. However, the PEO–based SPEs usually show low ion conductivity (~ 
10-6 - 10-7 S/cm) at room temperature[104], severely restricting their practical applications[105]. 
Tremendous efforts have been made to increase the ion conductivity of PEO-based electrolyte 
such as crosslinking[106], introducing ceramic fillers to form composite polymer electrolytes 
(CPEs)[98, 107-110] and adding plasticizers[110]. Beside low conductivity, PEO tends to be 
oxidized above 4 V vs Li/Li+, making it difficult to be paired  with NMC materials and limiting 
energy density of the full cell. [109]. Therefore, developing polymer electrolyte stable with 4 V 
cathode and further enhancing their ionic conductivity are critical to the practical applications of 
solid-state lithium batteries. However, only occasional report on solid polymer electrolyte-based 
4V batteries are reported [109]. 
Recently, poly(vinylidene fluoride) (PVDF) based SPE attracted much attention due to its 
non-flammability, easy processing, wide electrochemical window  and high ion conductivity (~10-
4S/cm)[111]. In investigating the underlying transport mechanism in PVDF SPEs, we found that 
the quantity of dimethylformamide (DMF), which serves as both solvent and plasticizer, played a 
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significant role in ionic conductivity. Based on our results, when DMF remained at 20 wt% of the 
SPE, its ionic conductivity becomes higher than 1 × 10-4 S/cm. However, large amount of DMF 
plasticizer may soften the SPE and make it vulnerable to dendrite penetration. 
To solve this issue, we demonstrate that nanowire fillers are excellent candidates to 
enhance mechanical strength. As a demonstration, we show that PVDF/DMF CPEs with randomly 
dispersed and interconnecting palygorskite nanowires exhibit both high ion conductivity and 
significantly enhanced mechanical properties. Palygorskite, a kind of hydrated magnesium 
aluminum silicate mineral ((Mg,Al)2Si4O10(OH)), has been widely used as industrial floor 
absorbents, agricultural carriers, and environmental absorbents because of its particular physical 
properties[112, 113] . With one dimensional fiber structure, it can easily form an interconnected 
network even at low concentration, to provide excellent mechanical property. When added as 
fillers in the PVDF/DMF SPEs, it largely enhances both the stiffness and toughness of the 
membrane. The mechanical robustness allows suppression of lithium dendrite and improved 
cycling stability. The addition of 5 wt % palygorskite nanowires also enhances transference 
number of Li+ from 0.21 to 0.54 as a result of interaction between the nanowires and ClO4
− anions. 
With such high-performance PVDF/DMF CPEs, a solid-state lithium battery of 
Li(Ni1/3Mn1/3Co1/3)O2 (NMC111)/PVDF-DMF/palygorskite CPE/Li presents a stable cycling over 
200 times with 118.1 mAh/g discharge capacity retained. In addition to experiments, numerical 
calculations were also carried out, which further uncovers that nanowire−polymer interaction and 
interwire interactions are critical to the enhanced mechanical properties of samples with 
palygorskite nanowires added. 
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5.2 Fabrication Process and Film Characterizations 
The free-standing PVDF/DMF-based polymer electrolytes and PVDF/DMF/palygorskite 
CPEs were prepared through a facile solution-casting method (Figure 5.1a).  
 
Figure 5.1. Fabrication of PVDF/DMF-based polymer electrolyte. (a) A Schematic diagram of the 
synthesis of PVDF/DMF-based polymer electrolytes and PVDF/palygorskite nanowires/CPE. (b−d) (b) 
PVDF/DMF polymer electrolyte membrane and (c) PVDF/DMF/palygorskite CPE membrane dried at 
60 °C in vacuum chamber for 24 h. (d) Bent PVDF/DMF/palygorskite CPE showing excellent flexibility. 
 
First, PVDF powders (Arkema Kynar 761), LiClO4, and a certain amount of palygorskite 
nanowires were dissolved in DMF and stirred for 6 h at 50 °C. Then the solution was cast on glass 
and vacuum-dried at different temperatures between 25 to 120 °C to obtain free-standing 
PVDF/DMF-based polymer electrolytes containing different amounts of DMF. The film thickness 
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is ∼100 μm. When vacuum-dried below 60 °C, the polymer electrolyte membrane is highly 
transparent and flexible, as shown in Figure 5.1c,d. However, if vacuum-dried above 80 °C, it 
turns nontransparent and the color changes from white to pale yellow. After adding palygorskite, 
the obtained PVDF/DMF CPEs are translucent with good flexibility (Figure 5.1d). The 
PVDF/DMF -based polymer electrolytes dried at various temperatures were first characterized by 
scanning electron microscopy (SEM). As shown in Figure 2a, compact and flat films with PVDF 
microstructures are presented, which help improve ionic conductivity.  
 
Figure 5.2. Characterizations of PVDF/DMF electrolyte dried at different temperatures. (a) SEM 
image of PVDF/DMF electrolyte vacuum-dried at 60 °C. (b) TGA curves of PVDF/DMF electrolyte under 
different temperatures in vacuum drying. (c) 1H NMR spectra of 60 and 100 °C vacuum-dried PVDF/DMF-
 65 
based polymer electrolytes. (d) XRD patterns of PVDF powder, PVDF electrolyte vacuum-dried at 60 °C, 
PVDF electrolyte vacuum-dried at 100 °C and PVDF/DMF vacuum-dried at 60 °C. The two peaks at 38.5° 
and 44.8° belongs to the aluminum substrate. 
 
To investigate the thermal stability of PVDF/DMF polymer electrolytes and evaluate the 
amount of DMF inside, thermogravimetric analysis (TGA) and nuclear magnetic resonance (NMR) 
were performed. As shown in TGA results (Figure 5.2b), apparent weight loss occurs in 
PVDF/DMF -based polymer electrolytes below 300 °C but not in pure PVDF. To understand the 
mechanism behind this, TGA tests were further performed in PVDF/LiClO4 and PVDF/DMF 
binary membranes (Figure 5.3).  
 
Figure 5.3. TGA curves of PVDF powder, PVDF polymer electrolyte without LiClO4 vacuum 
dried under 60 oC and PVDF/LiClO4 membrane without DMF. 
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The LiClO4-free PVDF/DMF membrane shows significant weight loss at 400 °C, similar 
to pure PVDF, but the DMF-free PVDF/LiClO4 film shows remarkable weight loss at 300 °C 
similar to the polymer electrolyte. Therefore, the reduced thermal stability should be a result of 
LiClO4, which is a well-known oxidant and accelerates the decomposition of PVDF. Nevertheless, 
stability up to 300 °C is still attractive for lithium batteries. To further determine the quality of 
DMF in different PVDF polymer electrolytes, 1H NMR test was carried out. The two peaks for 
DMF are located at 2.7 and 8.0 ppm (Figure 5.2c). Quantitative analysis show that the amount of 
DMF left are 23.6, 6.3, and 3.3 wt % for sample vacuum-dried at 60, 80, and 100 °C, respectively 
(Table 5.1). 
 
Table 5.1. Relationship between vacuum dried temperature, DMF content, and ionic conductivity. 
Vacuum Dried T (oC) DMF Content (wt. %) Ionic Conductivity (S/cm) 
60 23.6 1.2×10-4 
80 6.3 2×10-6 
100 3.3 1×10-6 
 
To further understand the effect of DMF on PVDF/DMF-based polymer electrolytes 
compared with pure PVDF powders, X-ray diffraction (XRD) and Raman characterizations were 
also carried out. Although PVDF itself shows two small peaks at 18.5° and 20.1°, which 
corresponds to α-phase PVDF[114] these two peaks do not exist in PVDF polymer electrolyte 
membrane. Furthermore, these two peaks also vanish both in PVDF/DMF and PVDF/LiClO4 
binary membrane, indicating that both the DMF plasticizer and LiClO4 amorphorize the film 
(Figure 5.2d). The peak at 38.5° and 44.8° come from the aluminum substrate. The existence of 
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DMF and LiClO4 are also clearly shown in the Raman spectrum (Figure 5.4), as indicated by peaks 
at 869, 1105, 1421, and 1443 cm−1 for DMF[115] and 935 cm−1 for LiClO4[116]. 
 
Figure 5.4. Raman spectra of PVDF/DMF polymer electrolyte and PVDF powder. 
 
5.3 Electrochemical Characterizations 
To understand the effect of DMF amount on PVDF/DMF polymer electrolyte conductivity, 
the ionic conductivities of PVDF/DMF polymer electrolytes at various temperatures were 
investigated by electrochemical impedance spectroscopy (EIS) measurements in a stainless steel/ 
PVDF/DMF-based polymer electrolyte/stainless steel configuration. The corresponding Nyquist 
plots at room temperature are presented in Figure 5.5.  
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Figure 5.5. EIS for (a) 60 ℃ vacuum dried PVDF/DMF polymer electrolyte membrane (b) 80  ℃ 
vacuum dried PVDF/DMF polymer electrolyte membrane (c) 100  ℃ vacuum dried PVDF/DMF polymer 
electrolyte membrane (d) 1 wt% palygorskite PVDF/DMF CPE (e) 3 wt% palygorskite PVDF/DMF CPE 
and (f) 5 wt% palygorskite PVDF/DMF CPE. 
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Then ionic conductivities σ are calculated based on four samples at each drying 
temperature (Figure 5.6a). At room temperature, the ionic conductivity of PVDF/DMF polymer 
electrolyte vacuum-dried at 25 °C reaches 1.4 × 10−4 S/cm, which is similar to 1.2 × 10−4 S/cm for 
60 °C sample, consistent with previous reports[117]. A sudden drop is observed between drying 
temperature of 70 and 80 °C, where conductivities decreases from 1.2 × 10−4 to 2.0 × 10−6 S/cm, 
and it further decreases to 1.1 × 10−6 S/cm for samples dried at 100 °C. This is consistent with the 
decreasing concentration of DMF in the electrolyte upon heating. The sudden drop between 70 
and 80 °C indicates that DMF concentration decreases to a level lower than a critical threshold. 
The DMF concentration also affects the activation energy of ion transport. As shown in σ versus 
T plot in Figure 5.6b, the activation barriers are 0.39, 0.42, 0.64, and 0.63 eV for RT, 60, 80, and 
100 °C dried samples. This indicates that high DMF content also reduces activation barrier to 
facilitate ion transport. These results indicate that DMF is critical to the ionic conductivity of such 
PVDF/DMF-based polymer electrolyte. At a weight content of 23.6%, the polymer electrolyte can 
be considered as a gel electrolyte or a hybrid solid/liquid electrolyte too. 
 
Figure 5.6. Electrochemical characterizations of PVDF/DMF polymer electrolyte. (a) The 
conductivities of PVDF/DMF polymer electrolytes as a function of vacuum-dried temperatures. (b) 
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Arrhenius plots of the PVDF/DMF based polymer electrolytes. (c) Cycle voltammetry curve of PVDF/DMF 
polymer electrolyte dried at 60 °C in vacuum. (d) Typical charge−discharge curves of NMC 111/PVDF-
DMF/Li cells between 4.2 and 3.0 V at 0.3 C. (e) Cycle performance of a NMC 111/PVDF/DMF polymer 
electrolyte/Li cell at 0.3 C (1 C = 150 mA/g). (f) Power capability of such NMC111/PVDF-DMF/Li cell 
between 0.1 and 2 C rates. 
 
To figure out how the DMF plasticizer affects electrochemical stability, cyclic 
voltammetry is performed at room temperature for PVDF/DMF polymer electrolyte samples dried 
at 60 °C. No obvious oxidation starts until 4.7 V versus Li/Li+, indicating that the PVDF/DMF 
/LiClO4 membrane can be stable with 4 V NMC cathodes (Figure 5.6c). To further evaluate their 
electrochemical performance, cells with Li(Ni1/3Mn1/3Co1/3)O2 cathode (NMC 111), Li metal 
anode, and PVDF/DMF polymer electrolyte dried at 60 °C are assembled. The average thickness 
of PVDF/DMF electrolyte is 100 μm. The active material is around 1.6 mg/cm2. All the battery 
tests are operated at 25 °C. The PVDF/DMF polymer electrolyte-cells are cycled between 4.2 and 
3.0 V at 0.1 C (15 mA/g) for three cycles first, followed by 0.3 C for 70 cycles. In charging, a 
constant voltage step with a cutoff of C/20 is added at 4.2 V (Figure 5.6d). The discharge capacity 
slightly increases from 98.6 mA/g in cycle 1 to a peak value of 105.1 mA/g in cycle 58 and remains 
at 103.6 mAh/g at cycle 70 (Figure 5.6e). The specific capacity is also close to results in liquid 
electrolyte, which is ∼125 mAh/g between 3.0 and 4.2 V (Figure 5.7a,b). The power capability 
test shows that the specific capacity remains at 106.2, 97.4, 79.8, and 59.5 mAh/g at 0.2, 0.5, 1, 




Figure 5.7. Cycling performance for liquid cell. (a) Cycling performance at 0.3 C of liquid 
electrolyte cell. (b) Typical charge−discharge curves of liquid electrolyte cell. 
 
5.4 Addition of Palygorskite Nanowires for Performance Improvements 
5.4.1 Motivation 
Although DMF helps to increase ionic conductivity, the mechanical robustness of 
PVDF/DMF SPE membrane is seriously weakened (Fig.4.9a), which will comprise its capability 
again lithium dendrite and deteriorate battery safety [118]. To solve this issue, palygorskite 
nanowires are added re added into the solid electrolyte membranes as reinforcing elements to 
improve the mechanical properties. There are two reasons to choose this material. First, its 
nanowire shape can help form an interconnected and mechanically strong network. Second, 
palygorskite is a natural product with ultralow cost, much less than that to synthesize SiO2, Al2O3 
or ceramic electrolyte (e.g. LLZO) nanowires. TEM characterizations show that palygorskite 
nanowires have a diameter of ∼50 nm and a length of ∼1 μm (Figure 5.8a). It is also crystalline 
based on electron diffraction data (inset in Figure 5.8a). To prepare PVDF/DMF/palygorskite 
CPEs, palygorskite nanowires were added into DMF/PVDF solution with target weight percentage. 
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The cross-section SEM picture of palygorskite-modified membrane in Figure 5.8b further 
illustrates that palygorskite nanowires blend into the PVDF polymer matrix. 
 
Figure 5.8. Electron microscopies of palygorskite nanowires. (a) A TEM image of palygorskite 
nanowires and corresponding electron diffraction pattern. (b) Cross-sectional SEM image of 
PVDF/palygorskite-CPE, showing that palygorskite nanowires blended into the PVDF matrix. 
 
5.4.2 Mechanical and Thermal Stability with Palygorskite Nanowires 
The enhancement in mechanical properties is demonstrated as the stress−strain responses 
of pure PVDF/DMF polymer electrolyte and PVDF/5 wt % palygorskite CPE at a constant tensile 
strain rate of 0.001/s, as shown in Figure 5.10a. Adding 5 wt % palygorskite nanowires to the 
PVDF/DMF polymer electrolyte not only significantly improves the Young’s modulus from 9.0 
to 96 MPa of membrane but also increases the yield stress by 200% (4.7 MPa versus 1.5 MPa). 
Although this value is much less than the threshold proposed by Newman[119] (shear modulus of 
6.8 GPa), previous studies have shown that even lower Young’s modulus of electrolyte can help 
suppress the dendrite growth to realize long-term cycling stability[59, 120]. To unveil the 
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connection between dendrite suppression and the addition of palygorskite nanowires, shorting time 
during lithium plating and SEM characterizations are carried out (Figure 5.9).  
 
Figure 5.9. Li symmetric cell characterizations of PVDF/DMF-based electrolytes. (a-c) Voltage 
profile of (a) Li |PVDF/DMF Polymer electrolyte| Li cells, (b) Li |3 wt % Palygorskite/PVDF/DMF CPE| 
Li cells and (c) Li |5 wt % Palygorskite/PVDF/DMF CPE| Li cells with a constant current density of 0.3 
mA/cm2. (d-f) SEM images of the surface of the Li electrode (d) before Li deposition, (e) the Li electrode 
obtained from a Li |PVDF/DMF Polymer electrolyte| Li cell until shorting, and (f) from a Li |5 wt % 
Palygorskite/PVDF/DMF CPE| Li cell after applying a current density of 0.3 mA/cm2 after the same time 
as that in (e). (g-i) Zoom-out SEM images of the surface of the Li electrode. 
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When 0.3 mA/cm2 is applied, the Li/Li cell with pure PVDF/DMF polymer electrolyte is 
shorted after only 3.8 h, which is equivalent to 1.14 mAh/cm2. Meanwhile, the time for 3 wt % 
palygorskite/PVDF/DMF CPE and 5 wt % palygorskite/PVDF/DMF CPE are 26 and 36 h, 
respectively, corresponding to 7.8 and 10.8 mAh/cm2, respectively. Moreover, the lithium surface 
with CPE is also much smoother than that without palygorskite addition (Figure 5.9f). This 
indicates that the addition of palygorskite nanowires in such CPE can suppress the growth of 
lithium dendrites. In our own full cell cycling, we also find that the addition of palygorskite 
nanowires enhances cycling life, as discussed below, but it should be noted that further 
investigations should be carried out to fully understand its capability to suppress dendrite, 
especially at high currents. Mechanical-wise, it is impressive that adding such a small amount of 
palygorskite can greatly improve the mechanical properties. To unveil the mechanisms behind, 
both theoretical and numerical analyses were performed. The enhanced stiffness of this composite 
can be mainly attributed to the matrix−nanowires interaction. In Figure 5.10b, analysis based on 
the Mori-Tanaka’s theory indicates that with 5 wt % palygorskite the effective modulus Eeff can 
reach eight times that of pure PVDF matrix[121], slightly smaller than measured results of 10.7 
times. The deviation is possibly due to the nanowire−nanowire interaction in a cross-linked 
network through nanowelding junctions, van der Waal interaction, and chemical bonds. To verify 
the effect of such internanowire interaction, Monte Carlo and finite element simulations were 
carried out to generate a network of 5 wt % randomly distributed nanowires, and nanowire 
deformation with the network externally stretched is calculated, as shown in Figure 5.10c. A 
significant portion of axial strain is undertaken by wire−wire junction, which indicates enhanced 
stiffness by forming wire−wire junctions as hinges. Therefore, we attribute both the 
nanowire−polymer interaction and the internanowire connections to be responsible for the 
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increased stiffness of modified PVDF/DMF polymer electrolyte membrane. Additionally, the 
composite electrolyte shows significantly increased fracture strain of 180%, which is twice that of 
pure PVDF/DMF polymer electrolyte membrane (90%) (Figure 5.10a). This toughening effect 
should be due to strong interfacial adhesion between nanowires and PVDF matrix[122], resisting 
nanowire pull-out when composite fracturing. Therefore, the additives of palygorskite nanowires 
allow the PVDF/DMF-based membrane to be mechanically robust, underpinning safety of solid 
electrolyte. 
 
Figure 5.10. Mechanical properties of PVDF/DMF-based electrolytes. (a) Stress−strain relations 
of different PVDF/DMF-based membranes under uniaxial tension at strain rate of 0.001/s. (b) Effective 
Young’s modulus of composite membrane with randomly distributed nanowire fillers as a function of 
weight fraction. (c) Axial strain contour of the deformed nanowire network at an average tensile strain of 
5%. 
 
Safety and nonflammability are also crucial to evaluate solid electrolytes. To prove the 
safety of PVDF/DMF-based solid electrolytes, nailing test was conducted. In the experiment, a 
pouch cell with PVDF/DMF CPE, NMC cathode and lithium anode was assembled, embedded 
with thermocouple to detect the real-time temperature changes. The cell was pre-charged to 4.0 V 
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and a stainless steel syringe needle was used to penetrate the pouch to mimic short circuit (Figure 
5.11a). As shown in Figure 5.11c, after puncturing, the cell voltage decreased to 17 mV, but there 
is no significant increase in cell temperature showing limited safety hazards. Besides puncturing, 
PVDF/DMF film vacuum dried at 60 oC is also not ignitable under fire, as shown in Figure 5.11d. 
In contrast, pure PEO electrolyte can be easily ignited with fire. Such significant contrast further 
demonstrates the enhanced safety of PVDF/DMF-based solid electrolyte.   
 
Figure 5.11. Safety tests for the PVDF/DMF-based electrolytes. (a) The Schematic diagram of the 
nailing test. (b) NMC/PVDF/DMF-palygorskite CPE/Li pouch cell before (b) and after (c) puncture. (d) 
Ignition test of PVDF/DMF film vacuum dried at 60 oC. The film does not catch fire when ignited. 
 
5.4.3 Electrochemical Characterizations with Palygorskite Nanowires 
To further evaluate the effect of palygorskite nanowires on PVDF/DMF-based CPEs, the 
ionic conductivities of PVDF/DMF CPEs with different weight percentages of paylgorskite 
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nanowires were investigated. All samples are dried in vacuum oven at 60 oC for 24h, and four 
samples were tested for each weight percentage. The ionic conductivities of 1 wt %, 3 wt % and 5 
wt % PVDF/DMF/palygorskite CPEs reach 1.4×10-4, 1.7×10-4 and 8.3×10-5 S/cm, respectively. 
It is likely that due to the high aspect ratio of nanowires, only 1-3 wt % is enough to form a network 
and facilitate ionic transport, while adding more will block ion transport and thus reduce ionic 
conductivity. The corresponding activation barriers are 0.46, 0.32, and 0.36 eV, respectively 
(Figure 5.12), similar to the samples without palygorskite nanowires (Figure 5.6b).  
 
Figure 5.12. Arrhenius plots of PVDF/DMF based composite electrolytes with different content of 
ceramic fillers. 
 
Also, the lithium ion transference number (tLi+) of PVDF/DMF/palygorskite and 
PVDF/DMF polymer electrolytes were measured through potentiostatic polarization (PP) method 
(Figure 5.13)[123]. A small constant potential (8.7mV) was applied on PVDF/DMF-based 
polymer electrolytes between two lithium electrodes which leads to a decrease of the initial current 
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(I0) until a steady-state current (ISS) flowing through the cell. R0 and RSS, representing the charge-
transfer resistance before and after the polarization of the system respectively, which were 
obtained by impedance spectra of the cell in the frequency range from 1 MHz to 0.1Hz with an 






As shown in Figure 5.13a, the interfacial resistance of PVDF/DMF polymer electrolyte 
increases from 222 to 301 Ohm after polarization. During the polarization process, the steady-state 
current (ISS) decreases to a steady value of 0.0126 mA from the initial current (I0) of 0.0287 mA. 
Therefore, the calculated tLi+ for the PVDF/DMF CE is 0.21. Similarly, the calculated tLi+ for the 
PVDF/DMF/5wt% palygorskite CPE and PVDF/DMF/3wt% palygorskite CPE is 0.54 and 0.31 
respectively.  
 
Figure 5.13. Current-time profile of PVDF/DMF-based electrolytes. (a) Li| pure PVDF/DMF |Li 
symmetric cell, (b) Li| PVDF/DMF/3 wt % palygorskite CPE |Li symmetric cell and Li| PVDF/DMF/5 wt % 
palygorskite CPE |Li symmetric cell after applying a DC voltage of 10 mV for determining Li+ transfer 
number. The inset shows the Nyquist impedance spectra of the cell before and after polarization. 
 
The enhanced tLi+ is likely due to two reasons. First, with the addition of inorganic fillers, 
the local chains of polymer can be relaxed and the segment motion is promoted under the 
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interaction of inorganic fillers and polymer chains, as a result, the mobility of Li ions and tLi+ can 
be enhanced[124]. Apart from stabilizing the amorphous state of the polymer, the exposed metal 
cations on the surface of palygorskite ceramic nanowires also interacts with ClO4
- through Lewis 
acid–base interactions[125]. So, there may be interaction between the palygorskite and anions in 
the lithium salt which immobilize anion and enhance transference number. This assumption is 
confirmed through FTIR test. 
 
Figure 5.14. (a) FTIR spectra of the PVDF/DMF polymer electrolyte, PVDF/DMF polymer 
electrolyte without LiClO4 and PVDF/DMF/Palygorskite CPE at 4000−600 cm−1. (b) Zoom-in FTIR 
spectra of the PVDF/DMF polymer electrolyte membrane and PVDF/DMF/Palygorskite CPE membrane 
at 2000−1000 cm-1.  
 
The ClO4
- peaks at 1663 cm−1 in PVDF polymer electrolyte shift to 1652 cm−1 in 
PVDF/DMF/Palygorskite CPEs. The shape of the peak at 3559 cm-1 also changes. These shifts in FTIR 
can be attributed to the interaction between palygorskite nanowires and the ClO4
- anion, which alters 
the vibration modes in ClO4
-. Such interactions enhances dissociation of LiClO4, traps ClO4
- on 
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nanowire surface, and thus increases transference number of Li+. This has been observed in 
Mg2B2O5[126] and Li7La3Zr2O12[124]. 
To further examine the electrochemical stability of PVDF/DMF/palygorskite CPEs, cyclic 
voltammetry is carried out first, as shown in Figure 5.15.  
 
Figure 5.15. Cyclic voltammetry curve of 5 wt% Palygorskite/PVDF/DMF CPE with a scan rate 
of 10 mV/s. 
 
The cathodic current density at 0 V vs. Li+/Li is ~ 1 A/cm2, much smaller than that in 
pure PVDF/DMF membrane (Figure 5.6c). Since palygorskite nanowire is a well-known absorbent 
for organic solvent[113], they could trap DMF and reduce its reduction rate. Furthermore, full cell 
tests were performed with 5 wt % palygorskite nanowire fillers, and steady cycling is achieved too 
(Figure 5.16a). The cycling protocol is the same as pure PVDF/DMF polymer electrolyte, 0.1 C 
for three cycles, followed by 0.3 C between 4.2 and 3.0 V. At 0.3 C, the discharge capacity rises 
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from 117.6 mAh/g to 121.4 mAh/g in the first 5 cycles and retain 118.1 mAh/g after 200 cycles at 
0.3 C. (Figure 5.16b), which shows that PVDF/DMF/Palygorskite CPEs work steadily in the cell.  
 
Figure 5.16. (a) Voltage profile and (b) cycling performance of NMC| PVDF/DMF/5 wt % 
palygorskite CPE |Li cell (1C = 150 mA/g). 
 
Similarly, NMC/Li cells with 1 and 3 wt% of palygorskite nanowires were also tested for 
comparison. While similar cycling stability can be obtained, we noticed that cells with no or lower 
amount of palygorskite nanowires tend to have microshorting in a smaller number of cycles (e.g. 
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~90 cycles for 1 wt% and ~130 cycles for 3 wt%, Figure 5.17). Meanwhile, 5 wt% sample shows 
stability over 200 cycles and ongoing. This also indicates that the addition of palygorskite 
nanowires in such CPE can suppress the penetration of lithium dendrite so that longer cycle life 
can be achieved.  
 
Figure 5.17. Discharge specific capacity vs cycle number (1C = 150 mA/g) of 1, 3 wt % 
PVDF/DMF/palygorskite CPE cell. 
 
However, the performance of lithium/lithium symmetric cells (Figure 5.18) is not as good 
as the NMC 111 | PVDF/DMF/palygorskite CPE |Li cells. A possible reason is that in 
lithium/lithium symmetric cells, lithium metal is oxidized first at one electrode, which results in 
fresh new lithium metal surface that directly exposes to DMF, which may accelerate the 
degradation of cycling performance. This was also observed in past literature[127]. In the future, 
we will modify lithium surface (e.g. passivation layer[128, 129]), or replace DMF with more stable 
plasticizers, to address this issue. 
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Figure 5.18. Galvanostatic cycles with a constant current density of (a) 0.05 mA/cm2 and (b) 0.15 
mA/cm2 for Li |PVDF/DMF/palygorskite CE| Li cells at 25 °C. 
 
5.5 Conclusion 
Solid electrolytes are crucial for the development of solid-state batteries. Among different 
types of solid electrolytes, Polyethylene oxide (PEO)-based polymer electrolytes (SPE) have 
attracted extensive attentions owing to their excellent flexibility and easiness for processing. 
However, their relatively low ionic conductivities and electrochemical instability above 4V limit 
their applications in batteries with high energy density. Our choice for the replacement is 
PVDF/DMF composite polymer. 
In this chapter, we have proposed the poly(vinylidene fluoride) (PVDF) polymer 
electrolytes with organic plasticizer DMF, which possess compatibility with 4V cathode and high 
ionic conductivity (1.2×10-4 S/cm) at room temperature. We also revealed the importance of 
plasticizer content to the ionic conductivity. To address weak mechanical strength of the PVDF 
electrolyte with plasticizer, we introduced palygorskite ((Mg,Al)2Si4O10(OH)) nanowires as a new 
ceramic filler to form composite solid electrolytes (CPE), which greatly enhances both stiffness 
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and toughness of PVDF/DMF-based polymer electrolyte. With 5 wt % of palygorskite nanowires, 
not only the elastic modulus of PVDF/DMF CPE increases from 9.0 MPa to 96 MPa, but also its 
yield stress is enhanced by 200%. Moreover, numerical modeling uncovers that the strong 
nanowire-polymer interaction and crosslinking network of nanowires are responsible for such 
significant enhancement in mechanically robustness. The addition of 5% palygorskite nanowires 
also enhances transference number of Li+ from 0.21 to 0.54, due to interaction between 
palygorskite and ClO4
- ions. We further demonstrate full cells based on Li(Ni1/3Mn1/3Co1/3)O2 
(NMC111) cathode, PVDF/DMF/palygorskite CPE, and lithium anode, which can be cycled over 
200 times at 0.3 C, with 97% capacity retention. Moreover, the PVDF matrix is much less 
flammable than PEO electrolytes. Our work illustrates that the PVDF/DMF/palygorskite CPE is a 
promising electrolyte for solid state batteries.  
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Chapter 6 Thesis Conclusion 
Since the first commercialization in 1991 by Sony, lithium-ion batteries (LIBs) have risen 
rapidly as a new form of energy storage device. LIB plays a very important role in portable 
electronics, and its demands in electric vehicles and grid-level energy storage are increasing 
dramatically in recent years. However, the state-of-the-art battery technology does not well satisfy 
all the applications above. The next-generation batteries with better safety, higher energy density, 
faster charge/discharge rate, longer cycle life are desired. 
In this thesis, we first demonstrate the fabrication of a flexible composite electrolyte 
composing of a vertically aligned and connected ceramic particles and a polymer, to avoid the 
processing difficulty in ceramic electrolyte and low conductivity in polymer electrolyte. LATP 
and LAGP NPs in the polyethylene oxide (PEO) matrix are two examples to maximize the ionic 
conductivity, while maintaining the flexibility of the composite. Ice-templating technique is used 
to realize this vertically aligned structure, and its conductivity reaches 0.52 × 10-4 S/cm for 
LATP/PEO, and 1.67 × 10-4 S/cm for LAGP/PEO composite electrolytes, which are several times 
higher than that of the composite electrolyte with randomly dispersed LATP/LAGP NPs. 
Mechanical and thermal stabilities are also enhanced compared to the pure PEO electrolyte. The 
LFP-LAGP/PEO-Li cell reaching 148.7 mAh/g during the first discharge at 0.3C has over 95% 
capacity retention after 200 cycles. This method opens a new approach to optimize ion conduction 
in composite solid electrolytes for next-generation rechargeable batteries. 
Polyether-based electrolytes such as PEO and PEG are electrochemically instable above 4 
V, limiting their use with high voltage cathodes such as NMC for high energy density. The 
compatibility between polyether-based electrolyte and NMC cathodes that can be significantly 
improved by forming a 2 nm Al2O3 coating on NMC surface is presented. This nanoscale coating 
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dramatically improves the cathode electrolyte interphase and thus stabilizes PEG electrolyte with 
the NMC cathode. Adding Al2O3, the capacity remains at 84.7% after 80 cycles and 70.3% after 
180 cycles. Whereas the capacity fades to less than 50% after only 20 cycles in bare NMC 
electrodes. This study opens new opportunity to develop safe electrolyte for lithium batteries with 
high energy density. 
In the final part we propose a new polymer electrolyte, the poly(vinylidene fluoride) 
(PVDF) polymer electrolyte with organic plasticizer DMF, which possesses compatibility with 4V 
cathode and high ionic conductivity (1.2×10-4 S/cm) at room temperature. The importance of 
plasticizer content to the ionic conductivity is also revealed. To tackle the weak mechanical 
strength of the PVDF/DMF electrolyte with plasticizer, palygorskite ((Mg,Al)2Si4O10(OH)) 
nanowires are introduced as a new ceramic filler to form composite solid electrolytes (CPE), which 
greatly enhances both stiffness and toughness of PVDF/DMF-based polymer electrolyte. With 5 
wt % of palygorskite nanowires, the elastic modulus of PVDF/DMF CPE increases from 9.0 MPa 
to 96 MPa, and its yield stress is enhanced by 200%. Furthermore, numerical modeling indicates 
that the strong nanowire-polymer interaction and crosslinking network of nanowires are 
responsible for such significant enhancement in mechanically strength. The addition of 
palygorskite nanowires also enhances transference number of Li+ from 0.21 to 0.54, due to 
interaction between palygorskite and ClO4
- ions. We further demonstrate that the full cells 
composed of Li(Ni1/3Mn1/3Co1/3)O2 (NMC 111) cathode, PVDF/DMF/palygorskite CPE, and 
lithium metal anode, can be cycled over 200 times at 0.3 C, with 97% capacity retention. Moreover, 
the PVDF matrix is much less flammable than PEO electrolytes. Our work illustrates that the 
PVDF/DMF/palygorskite CPE is a promising electrolyte for solid state batteries. 
 87 
All the parts are contributing to utilize the solid electrolytes including polymer and ceramic 
electrolytes for the rechargeable solid-state batteries, with better safety, higher energy density and 
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